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Preface

Since the publication of the first edition of this book in 1992, the state of the art of

fiber-optic communication systems has advanced dramatically despite the relatively

short period of only 10 years between the first and third editions. For example, the

highest capacity of commercial fiber-optic links available in 1992 was only 2.5 Gb/s.

A mere 4 years later, the wavelength-division-multiplexed (WDM) systems with the

total capacity of 40 Gb/s became available commercially. By 2001, the capacity of

commercial WDM systems exceeded 1.6 Tb/s, and the prospect of lightwave systems

operating at 3.2 Tb/s or more were in sight. During the last 2 years, the capacity

of transoceanic lightwave systems installed worldwide has exploded. Moreover, sev-

eral other undersea networks were in the construction phase in December 2001. A
global network covering 250,000 km with a capacity of 2.56 Tb/s (64 WDM channels

at 10 Gb/s over 4 fiber pairs) is scheduled to be operational in 2002. Several conference

papers presented in 2001 have demonstrated that lightwave systems operating at a bit

rate of more than 10 Tb/s are within reach. Just a few years ago it was unimaginable

that lightwave systems would approach the capacity of even 1 Tb/s by 2001.

The second edition of this book appeared in 1997. It has been well received by

the scientific community involved with lightwave technology. Because of the rapid ad-

vances that have occurred over the last 5 years, the publisher and I deemed it necessary

to bring out the third edition if the book were to continue to provide a comprehensive

and up-to-date account of fiber-optic communication systems. The result is in your

hands. The primary objective of the book remains the same. Specifically, it should be

able to serve both as a textbook and a reference monograph. For this reason, the em-

phasis is on the physical understanding, but the engineering aspects are also discussed

throughout the text.

Because of the large amount of material that needed to be added to provide com-

prehensive coverage, the book size has increased considerably compared with the first

edition. Although all chapters have been updated, the major changes have occurred in

Chapters 6-9. I have taken this opportunity to rearrange the material such that it is bet-

ter suited for a two-semester course on optical communications. Chapters 1-5 provide

the basic foundation while Chapters 6-10 cover the issues related to the design of ad-

vanced lightwave systems. More specifically, after the introduction of the elementary

concepts in Chapter 1, Chapters 2^1 are devoted to the three primary components of a

fiber-optic communications—optical fibers, optical transmitters, and optical receivers.

Chapter 5 then focuses on the system design issues. Chapters 6 and 7 are devoted to

the advanced techniques used for the management of fiber losses and chromatic dis-

xv
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persion, respectively. Chapter 8 focuses on the use of wavelength- and time-division

multiplexing techniques for optical networks. Code-division multiplexing is also a part

of this chapter. The use of optical solitons for fiber-optic systems is discussed in Chap-

ter 9. Coherent lightwave systems are now covered in the last chapter. More than 30%
of the material in Chapter 6-9 is new because of the rapid development of the WDM
technology over the last 5 years. The contents of the book reflect the state of the art of

lightwave transmission systems in 2001.

The primary role of this book is as a graduate-level textbook in the field of optical

communications. An attempt is made to include as much recent material as possible

so that students are exposed to the recent advances in this exciting field. The book can

also serve as a reference text for researchers already engaged in or wishing to enter

the field of optical fiber communications. The reference list at the end of each chapter

is more elaborate than what is common for a typical textbook. The listing of recent

research papers should be useful for researchers using this book as a reference. At

the same time, students can benefit from it if they are assigned problems requiring

reading of the original research papers. A set of problems is included at the end of

each chapter to help both the teacher and the student. Although written primarily for

graduate students, the book can also be used for an undergraduate course at the senior

level with an appropriate selection of topics. Parts of the book can be used for several

other related courses. For example, Chapter 2 can be used for a course on optical

waveguides, and Chapter 3 can be useful for a course on optoelectronics.

Many universities in the United States and elsewhere offer a course on optical com-

munications as a part of their curriculum in electrical engineering, physics, or optics. I

have taught such a course since 1989 to the graduate students of the Institute of Optics,

and this book indeed grew out of my lecture notes. I am aware that it is used as a text-

book by many instructors worldwide—a fact that gives me immense satisfaction. I am
acutely aware of a problem that is a side effect of an enlarged revised edition. How can

a teacher fit all this material in a one-semester course on optical communications? I

have to struggle with the same question. In fact, it is impossible to cover the entire book

in one semester. The best solution is to offer a two-semester course covering Chapters

1 through 5 during the first semester, leaving the remainder for the second semester.

However, not many universities may have the luxury of offering a two-semester course

on optical communications. The book can be used for a one-semester course provided

that the instructor makes a selection of topics. For example, Chapter 3 can be skipped

if the students have taken a laser course previously. If only parts of Chapters 6 through

10 are covered to provide students a glimpse of the recent advances, the material can

fit in a single one-semester course offered either at the senior level for undergraduates

or to graduate students.

This edition of the book features a compact disk (CD) on the back cover provided

by the Optiwave Corporation. The CD contains a state-of-the art software package

suitable for designing modern lightwave systems. It also contains additional problems

for each chapter that can be solved by using the software package. Appendix E provides

more details about the software and the problems. It is my hope that the CD will help

to train the students and will prepare them better for an industrial job.

A large number ofpersons have contributed to this book either directly or indirectly.

It is impossible to mention all of them by name. I thank my graduate students and the
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students who took my course on optical communication systems and helped improve

my class notes through their questions and comments. Thanks are due to many instruc-

tors who not only have adopted this book as a textbook for their courses but have also

pointed out the misprints in previous editions, and thus have helped me in improving

the book. I am grateful to my colleagues at the Institute of Optics for numerous dis-

cussions and for providing a cordial and productive atmosphere. I appreciated the help

of Karen Rolfe, who typed the first edition of this book and made numerous revisions

with a smile. Last, but not least, I thank my wife, Anne, and my daughters, Sipra,

Caroline, and Claire, for understanding why I needed to spend many weekends on the

book instead of spending time with them.

Govind P. Agrawal

Rochester, NY
December 2001
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differential gain, 93

differential-detection technique, 392

diffusion coefficient, 81, 115

diffusion length, 8

1

digital hierarchy, 12

synchronous, 13

digital video transport systems, 388

dipole relaxation time, 227, 252

direct-sequence encoding, 389

directional coupler, 188, 346, 349, 355

grating-assisted, 349

dispersion, 37-45

anomalous, 197, 405

comb-like, 411,418

fourth-order, 317

grating, 294, 296

grating-induced, 294

group-velocity, 38-42, 96, 194, 195,

271,279, 404-411,504

intermodal, 190, 194

material, 39^10

modal, 25

multipath, 25, 26

normal, 197, 296, 409, 429, 433
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polarization-mode, 36, 43, 197, 449,

455

pulse broadening due to, 47-50, 288

residual, 313, 314

temperature-induced change in, 313

third-order, 42, 51, 280, 315, 317, 381,

424, 450, 457

tunable, 314

waveguide, 39, 41, 289

dispersion allocation, 434

dispersion compensation

broadband, 311-317

dynamic, 313

electronic techniques for, 286-288

long-haul, 305-310

polarization-mode, 317-320

third-order, 315

tunable, 313

dispersion equalization, 287

dispersion length, 48, 281, 414, 421

dispersion management, 269, 271, 380, 427-

435, 463-167

broadband, 311-320

DCF for, 288-289

dense, 432

duobinary technique for, 284

fiber gratings for, 293-299

filters for, 290-293

FSK format for, 283

higher-order, 3 15-3 1

7

long-haul, 305-310

need for, 279-281

periodic, 305-310, 374

phase conjugation for, 300-305

prechirping technique for, 281-283

WDM, 310-320

dispersion map, 309

optimum, 464

period of, 306

periodic, 305, 429-435, 464

strength of, 433

two-section, 308

dispersion parameter, 38, 46, 195, 280

dispersion penalty, see power penalty

dispersion relation, 60

dispersion slope, 42, 51, 312, 316, 381

relative, 312

dispersion trimming, 313

dispersion-compensating fiber, see fibers

dispersion-decreasing fiber, see fibers

dispersion-induced limitations, 50-53, 279-

281

dispersion-shifted fibers, see fibers

dispersion-supported transmission, 283

dispersive waves, 408, 415, 420, 422, 424,

445

distributed amplification, 248, 260, 422-425,

430

distributed Bragg reflector, 101

distributed feedback, see feedback

distributed feedback lasers, 100, 207, 418

fabrication of, 101

gain-coupled, 101, 360, 487

linewidth saturation in, 117

multisection, 103, 486, 499

phase-shifted, 101, 208

double-exposure technique, 297

double-heterostructure design, 82

driving circuitry, 121

duobinary code, 284, 298

EDFA
amplification characteristics of, 253

C-band, 258

cascaded chain of, 257, 264

distributed-gain, 260

gain spectrum of, 252

gain-clamped, 258

in-line, 264-272

L-band, 258

multichannel amplification in, 257

noise in, 255

parallel configuration for, 259

pumping of, 25

1

semiconductor lasers for, 25

1

soliton transmission with, 426

spectral nonuniformity of, 257

system applications of, 261-272

two-stage, 258

effective core area, 37, 61, 272, 309, 405

effective index, 345

effective mass, 80

Einstein’s coefficients, 79

elasto-optic coefficient, 61

electron-hole recombination, 81, 83, 114

electron-beam lithography, 102

electronic equalization, 506

electrorefraction, 355, 484, 485

electrostriction, 59, 454

encoding
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direct sequence, 388

spectral, 390

energy enhancement factor, 421, 434

energy-band diagram, 8

1

envelope detector, 489, 498

epitaxial growth, 86, 102

equalization technique, 287, 288

equalizing filter, see filter

erbium-doped fiber amplifiers, see EDFA
error probability, see bit-error rate

Ethernet, 187

Euler-Lagrange equation, 308

evanescent wave, 299

excess noise factor, 159

excited-state absorption, 253

extinction ratio, 168, 355

eye closure, 311, 363

eye diagram, 153, 176, 287, 311

Fabry-Perot cavity, 94, 140, 148, 417

Fabry-Perot interferometer, 214, 216, 232,

340

Faraday effect, 120

fast axis, 36

FDDI, 188

FDM, see multiplexing, WDM systems

feedback

cavity, 94

distributed, 100

electrical, 374

negative, 150

optical, 102, 120, 154, 213

reflection, 213, 384, 506

feedback resistor, 150

feedback-induced chaos, 214

feedback-induced RIN enhancement, 214

Fermi level, 79, 81

Fermi-Dirac distribution, 79

fiber amplifiers, 250

distributed-gain, 260

erbium-doped, see EDFA
system applications of, 261-272

fiber cables, 70

fiber coupler, 346, 351, 376

fiber dispersion, see dispersion

fiber grating, see grating, 411

fiber gratings

long-period, 258

fiber lasers

dual-frequency, 418

mode-locked, 362, 380, 417

fiber loss, see loss

fiber modes, 31-37

classification of, 33

effective index of, 33

eigenvalue equation for, 32

field distribution of, 35

fundamental, 35

hybrid, 33

propagation constant of, 33

spot size of, 36

transverse-electric, 33

transverse-magnetic, 33

fiber nonlinearity, see nonlinear effects

fiber-detector coupling, 1 54

fiber-loop mirror, 411

fiber-optic systems, see lightwave systems

fibers

bandwidth of, 53

birefringence of, 35

chalcogenide, 58

depressed-cladding, 68, 289

design of, 67

dispersion-compensating, 288-289, 313,

315,434

dispersion-decreasing, 42, 302, 411,

417, 427-429, 463

dispersion-flattened, 41, 466

dispersion-shifted, 41, 67, 68, 191, 199,

269, 312, 369, 372, 411, 457,

503

dry, 7, 332

dual-core, 299

elliptical-core, 289

fabrication of, 68

fluoride, 58, 259

geometrical-optics description of, 23

graded-index, 26-28, 190, 192, 195

loss of, 55-59

low-PMD, 45

modes of, see fiber modes

multimode, 24-28, 190, 202

negative-slope, 312

nonlinear effects in, 59-67

nonzero-dispersion-shifted, 374

parabolic-index, 26

plastic, 28, 203

polarization-maintaining, 36, 44, 236,

448, 503

polycrystalline, 58
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pulse propagation in, 46

reduced-slope, 43

reverse-dispersion, 43, 312

single-mode, 34-37

standard, 280, 288, 296, 312, 433, 435

tellurite, 259

two-mode, 289

wave propagation in, 28-33

field-effect transistor, 153

modulation-doped, 154

filter

acousto-optic, 258, 343

add-drop, 349

amplifier-based, 344

bandpass, 152, 307, 418, 442, 488,

489, 498

Butterworth, 505

equalizing, 290-293

Fabry-Perot, 291, 31 1, 339-342, 364,

442, 462

grating, 342

high-pass, 152

in-line, 442

interference, 258

low-pass, 151, 488, 505

Mach-Zehnder, 258, 292, 342, 346,

349

microwave, 286

optical, 270, 290-293, 416, 442

raised-cosine, 151, 210

reflection, 293

sliding-frequency, 442, 462, 465

surface-acoustic-wave, 152

transversal, 288

tunable optical, 339-344, 363

finesse, 341

flame hydrolysis, 69

flip-chip technique, 153, 154

fluorescence time, 227, 255

FM index, 486

forward-error correction, 199, 271, 333, 391

four-wave mixing, 66, 242, 272, 302, 359,

372-374, 445, 457, 463, 503, 507

efficiency of, 359, 373

intrachannel, 310

nondegenerate, 304

Franz-Keldysh effect, 122

free spectral range, 233, 311, 340

free-carrier absorption, 236

frequency chirp, 47, 52, 112, 191, 280, 406,

414, 431

amplifier-induced, 239, 285, 358

fiber-induced, 286

gain-switching-induced, 416

linear, 313

modulation-induced, 201

nonlinear, 314

power penalty due to, 209-213

SPM-induced, 405

XPM-induced, 371

frequency hopping, 390

frequency-division multiplexing, see multi-

plexing, WDM systems

frequency-shift keying, see modulation for-

mat

front end, 149

bandwidth of, 149

high-impedance, 149

low-impedance, 150

transimpedance, 150

gain

amplifier, 228

APD, 144

Brillouin, 344

parametric, 249

polarization-dependent, 45, 197, 456

Raman, 243

gain bandwidth, see bandwidth

gain coefficient, 93, 227

gain margin, 101, 208

gain nonuniformity, 375

gain saturation, 229, 234, 245, 257, 379

gain spectrum, 252

gain switching, 1 14, 416

gain-bandwidth product, 146, 147

gain-flattening technique, 249, 258, 375

Gaussian distribution, 36, 494

Gaussian pulse, see pulse

Gaussian random process, 114, 117, 162

Gaussian statistics, 156, 162, 173, 269, 456

ghost pulse, 310

Gordon-Haus jitter, see timing jitter

graded-index fiber, see fibers

graded-index lens, 345

grating

acoustically induced, 343

apodized, 294, 298

arrayed-waveguide, 316, 347
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Bragg, 293, 313, 342, 345, 346, 349,

357, 372

built-in, 100, 289, 343, 344

cascaded, 311

chirped, 104, 296-299, 311, 385, 416

concave, 345

DFB -laser, 100

diffraction, 344

dispersion of, 296

elliptical, 345

external, 103

fiber, 247, 255, 293-299, 304, 342,

346, 372, 390, 391,416

insertion loss of, 298

Moire, 298, 392

nonlinear-index, 197, 463

nonlinearly chirped, 314, 316

phase-shifted, 346

reflection, 345

sampled, 311, 316, 390

superstructure, 104

waveguide, 351

grating period, 100, 104, 289, 293, 313,

345

group index, 96

group velocity, 38, 266, 439, 444

group-velocity dispersion, see dispersion

group-velocity mismatch, 272

GVD, see dispersion

GVD parameter, 38, 46, 271, 280, 288, 303,

404^11

Hermite-Gauss function, 430

heterodyne detection, 480

heterodyne receiver

ASK asynchronous, 493-495

ASK synchronous, 490-492

asynchronous, 488, 507

balanced, 501

dispersion compensation at, 286

DPSK asynchronous, 497

dual-filter FSK, 489, 493, 495

FSK asynchronous, 495-496

FSK synchronous, 493

integrated, 510

intensity noise at, 500-502

performance of, 507-511

phase noise in, 498-500

phase-diversity, 499

polarization-diversity, 504, 510

PSK synchronous, 492

sensitivity degradation of, 497-507

sensitivity of, 490-497

synchronous, 488, 508

high-definition television, 1 86

holographic technique, 102, 294, 297

homodyne detection, 287, 480

homodyne receiver

ASK synchronous, 491

PSK synchronous, 492

homogeneous broadening, 252

hypercube architecture, 337

impact ionization, 142, 159

impulse response, 53

index-matching liquid, 119, 214

inelastic scattering, 243

InGaAsP/InP technology, 356

inhomogeneous broadening, 252

injection locking, 113

integrated circuits

optoelectronic, 123, 153, 360, 510

photonic, 124

integrated-services digital network, 185

interaction length, 61

interdigited electrode, 148

interferometer

Fabry-Perot, 214, 291, 339

Gires-Tournois, 291

Mach-Zehnder, 292, 342, 349, 358,

392

Michelson, 343, 359, 374

Sagnac, 343, 359, 377

intermediate frequency, 286, 479, 488

intermodulation distortion, 383

intermodulation products, 383

International Telecommunication Union, 332

Internet, 187

Internet protocol, 381

intersymbol interference, 151, 204

intraband nonlinearity, 242

intrachannel nonlinear effects, 309

inverse scattering method, 405, 409, 414,

415

ionization coefficient ratio, 144, 161, 166

ISDN, 185

ITU wavelength grid, 332

Johnson noise, 157

junction heating, 109
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Lagrangian density, 308

Lambertian source, 88, 92

Langevin force, 114

laser linewidth, 116, 498

laser threshold, 94

lattice constant, 82, 85, 86

LED, 87-92

bandwidth of, 9

1

broad-spectrum, 92

coupling efficiency for, 1 19

edge-emitting, 92

modulation response of, 90

P-I characteristics of, 87

reliability of, 125

resonant-cavity, 92

responsivity of, 89

spectral distribution of, 89

structures for, 91

surface-emitting, 91, 119

temperature dependence of, 89

transfer function of, 90

lens coupling, 119, 120

light-emitting diodes, see LED
lightwave systems

amplifiers for, 261-272

architectures for, 183

coherent, see coherent systems

components of, 16-19

design of, 188-195

dispersion-limited, 50-53, 190-192,

269, 279-281

evolution of, 4-8

high-capacity, 310-320, 331

history of, 1-4

long-haul, 195-202

loss-limited, 189-190

point-to-point, 183-185

quasi-linear, 309

soliton, see soliton systems

spectral efficiency of, 332

subcarrier, see SCM systems

submarine, 306

TDM, see TDM systems

terrestrial, 198-200, 306

undersea, 124, 200-202, 266

unguided, 15

WDM, see WDM systems

LiNbOs technology, 304, 355, 357

linear channel, 150

transfer function of, 151

linewidth enhancement factor, 110, 113, 117,

212, 237, 282, 416

liquid crystal, 341, 356

liquid-phase epitaxy, 86

load resistor, 150, 157

local oscillator, 479-482

intensity noise of, 500

linewidth of, 498

local-area network, see networks

Lorentzian spectrum, 60, 117, 227

loss

bending, 58, 289

cavity, 95, 99, 107

channel, 192

connector, 72, 192

coupling, 243, 346, 359

distribution, 188

fiber, 55-59, 189, 301,418

insertion, 186, 289, 298, 304, 356

internal, 95, 236, 341

mode-selective, 202

polarization-dependent, 45, 197, 456

scattering, 236

splice, 72, 192

loss management, 418-427

lumped amplification, 420-422, 461

Mach-Zehnder interferometer, 123, 342, 346,

377, 410

map period, 306, 372, 432

map strength, 433

critical, 433

Marcum’s Q function, 495

Markoffian approximation, 114

matched-filter detection, 389

material absorption, 56

material dispersion, see dispersion

Maxwell’s equations, 29

mean time to failure, 124

MEMS technology, 106, 355

meridional rays, 26

metropolitan-area network, see networks

Michelson interferometer, 343, 359, 374

microlens, 345

micromirror, 355

microstrip line, 287

microwave communication, 2, 381, 478

microwave subcarrier, 382

Mie scattering, 58

modal noise, 202
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mode

fiber, see fiber modes

longitudinal, 96, 99, 202, 205, 416

waveguide, 345

mode converter, 289, 299

mode index, 33, 35, 297

carrier-induced change in, 110

periodic variation of, 100

mode locking, 114, 416

active, 416

harmonic, 417

mode-partition coefficient, 206

mode-partition noise, 116, 171, 205-208

mode-suppression ratio, 100, 101, 207, 215

modulation

amplitude, 14, 282

cross-phase, 65

frequency, 14, 283

large-signal, 112

nonlinear phase, 64

phase, 14, 110, 283,418

pulse-code, 10

pulse-duration, 10

pulse-position, 10

self-phase, 64

sinusoidal, 90, 110, 418

small-signal, 110

synchronous, 310, 443

synchronous phase, 444

modulation bandwidth, 9 1 , 92

modulation format, 13-15, 482^-87

AM-VSB, 382, 384

ASK, 14, 483-484

carrier-less AM/PM, 385

continuous-phase FSK, 487

CPFSK, 510

CRZ, 14, 309

DPSK, 485

FSK, 14, 283, 385, 485-487

MSK, 487

nonretum-to-zero, see NRZ format

NRZ, 13

on-off keying, 15,483

PSK, 15, 484-485

quadrature AM, 385

quadrature PSK, 385

return-to-zero, see RZ format

RZ, 13

RZ-to-NRZ conversion, 362

modulation index, 383, 384

modulation instability, 197, 305

modulation response, 110

modulator

acousto-optic, 486

amplitude, 443

electroabsorption, 122, 123, 283, 358,

360, 417

external, 280

frequency, 370

integrated, 280

intensity, 426

LiNb03 , 123, 411, 417, 426, 443, 484

Mach-Zehnder, 123, 283, 377, 410,

418,484

multiquantum-well, 123, 417

phase, 370, 390, 411, 444, 467, 484,

485

synchronous, 462

molecular-beam epitaxy, 86

moment method, 267

momentum matrix element, 80

MONET project, 335, 356

Morse code, 2

MPEG, 11, 186

multiplexer

add-drop, 348-350

TDM, 375

WDM, see demultiplexer

multiplexing

code-division, 388-392

coherence, 392

electric-domain, 11

frequency-division, 11

polarization, 447-450

subcarrier, 381-388

time-division, 11, 315, 375-381

wavelength-division, 330-362

multiplication layer, 143

narrow-deviation FSK, 486, 489

network protocol

ATM, 334

CSMA, 187

Ethernet, 187

TCP/IP, 334

network topology

bus, 185

hub, 185

ring, 188

star, 188
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networks

access, 336

active-star, 188

all-optical, 336

broadcast, 185, 334

CATV, 185, 381-386

distribution, 185, 334

local-area, 186, 334

local-loop, 336

mesh, 334

metropolitan-area, 185, 334

multihop, 335

passive-star, 188

WDM, see WDM networks

wide-area, 334

noise

amplifier, 197, 230, 255, 264, 435-

437

beat, 392

clipping, 385

current, 261

electrical amplifier, 157

Gaussian, 527

intensity, 115, 169, 214, 500-502

laser, 114-117

mode-partition, 116, 205-208

1//.H7

phase, 216, 498-500

preamplifier, 261

receiver, 155-162, 482

shot, 114, 156, 262, 481

spontaneous-emission, 230, 261, 270

thermal, 157, 166, 262, 481

white, 156, 157, 230

noise figure, 157, 230, 231, 236, 241, 255,

263

nonlinear effects, 59-67, 196, 269, 301, 309,

404—4 1 1 ,
506

cascaded, 304

interchannel, 306, 310

intrachannel, 306, 309, 380

second-order, 304

nonlinear gain, 116, 117

nonlinear length, 270

nonlinear optical-loop mirror, 377, 445

nonlinear refraction, 64

nonlinear Schrodinger equation, 66, 196, 270,

307, 405-411, 450, 529

nonradiative recombination, 83

NRZ format, 13, 152, 194, 195, 282, 371,

376,411,418

numerical aperture, 25, 88, 92, 118

Nyquist criterion, 9

Nyquist noise, 157

on-off keying, see modulation format

optical amplifiers, see amplifiers

optical beat interference, 387

optical bus, 1 86

optical circulator, 291, 298, 304, 342, 357

optical communication systems, see light-

wave systems

optical cross-connect, 354-357

optical data links, 184, 203

optical detector, see photodetector

optical feedback, see feedback

optical fibers, see fibers

optical filter, see filter

optical isolator, 120, 213, 216, 506

optical networks, see networks

optical phonons, 243

optical preamplifier, see preamplifier

optical receiver

APD, 159

components of, 18

design of, 149

front end of, 149

integrated, 153, 510

linear channel of, 150

noise in, 155-162

OEIC, 153

p-i-n , 158

packaging of, 154

performance of, 174-176

role of, 1

8

sensitivity of, 162-168

WDM, 360

optical switch, see switch

optical tap, 185

optical transmitter, 118-126

components of, 17

driving circuitry in, 121

monolithic, 123

OEIC, 123

optical feedback in, 1 20

packaging of, 124

reliability of, 124

role of, 17

soliton, 416-418
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source-fiber coupling in, 118

WDM, 360

optoelectronic integration

for receivers, 153

for transmitters, 123

optogalvanic effect, 374

orthoconjugate mirror, 304

outside-vapor deposition, 69

p-i-n photodiode, 138

p-n junction, 81, 137

p-n photodiode, 137

packet switching, 334, 336, 381

parametric amplifier, 249

paraxial approximation, 27

partial soliton communication, 434

passive photonic loop, 338

periodic poling, 304

perturbation theory, 444

phase conjugation, 67, 300-305, 316, 359,

457, 503

phase modulation, 317, 370

phase-locked loop, 374, 487, 488, 498

phase-mask technique, 297

phase-matching condition, 66, 302, 343, 463

phase-shift keying, see modulation format

photodetector

avalanche, see APD
bandwidth of, 136

design of, 1 36

inverted MSM, 148

MSM, 148

quantum efficiency of, 134

responsivity of, 134

traveling-wave, 141

photodiode

p-i-n, 138

p-n, 137

waveguide, 141

photoelastic effect, 343

photon lifetime, 107

photoresist, 102

piezoelectric transducer, 313

pigtail, 1 18, 416

planar lightwave circuit, 155, 292, 316, 342,

343,346,353,355,376

Planck’s formula, 79

PMD, see dispersion

compensation of, 197, 317-320

first-order, 45

pulse broadening induced by, 45

second-order, 45

PMD parameter, 45, 449, 455

point-to-point links, 183-185

WDM, 331-334

Poisson statistics, 156, 167

polarization multiplexing, 272, 445

polarization scrambling, 271, 333, 467, 503

polarization-mismatch effects, 502

polarization-mode dispersion, see dispersion

polarization-multilevel coding, 450

population inversion, 79-81, 93, 256

population-inversion factor, 230

postcompensation technique, 313

power booster, 23 1 ,
263

power budget, 192-193, 384

power penalty

chirp-induced, 210

dispersion-induced, 204, 504

extinction ratio, 169

feedback-induced, 215

filter-induced, 363

FWM-induced, 372

heterodyne-detection, 48

1

intensity-noise, 170

LO-noise, 500

modal-noise, 202

mode-partition noise, 206-208

phase-noise, 498

Raman-induced, 368

Rayleigh-induced, 248

RIN-induced, 170, 500

router-induced, 365

sources of, 202-217

timing-jitter, 173

XPM-induced, 372

preamplifier, 149, 151, 241, 261-264

prechirp technique, 28 1-283

preform, 68, 70

principal states of polarization, 317

pulse

chirped, 47, 211, 267, 281, 307, 414

gain-switched, 416

Gaussian, 47, 204, 211, 239, 267, 281,

286, 307, 408, 429

mode-locked, 416

secant hyperbolic, 407, 429

super-Gaussian, 52, 238, 282

ultrashort, 237, 362

pulse broadening
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general formula for, 524

GVD-induced, 48

PMD-induced, 44, 45

source-induced, 50

pulse-code modulation, see modulation

pump depletion, 245

pump-station spacing, 260, 423

pumping efficiency, 25

1

pumping scheme

backward, 248, 423

bidirectional, 423

Q parameter, 164, 165, 168, 170, 172, 262,

270, 491

quantization noise, 9

quantum efficiency

differential, 109

external, 87, 109, 148

internal, 83, 87, 109

photodetector, 134

total, 88, 109

quantum limit, 167, 174

quantum-well laser, see semiconductor lasers

quasi-phase-matching, 304

Raman amplification, 245, 367, 422, 425

backward, 423

Raman amplifier, see amplifiers

Raman crosstalk, see crosstalk

Raman gain, 63, 243, 366

Raman scattering, 59, 366-368, 506

intrapulse, 424, 450

spontaneous, 62, 246

stimulated, 62, 243, 445

Raman shift, 62

Raman-induced frequency shift, 424, 450

Raman-induced jitter, see timing jitter

rare-earth elements, 250

rate equation, 90, 107, 1 14, 253

Rayleigh distribution, 494

Rayleigh scattering, 57, 248, 249

RC circuit, 193

RC time constant, 136, 137

receiver, see optical receiver

receiver design, see optical receiver

receiver noise, see noise

receiver sensitivity, 162-168, 241, 261, 263,

490-497, 507

degradation of, 168-173, 202-217, 497-

507

recirculating fiber loop, 197, 269, 307, 309,

426, 435, 464

recombination rate, 84

recombination time, 84

regenerators, 184, 196, 280, 357

relative intensity noise, see RIN
relaxation oscillations, 111, 112, 115, 117,

210

repeater spacing, 185, 419

repeaters, 184

resonant coupler, 349

responsivity, 261

APD, 144, 159

LED, 89

photodetector, 134

Rice distribution, 494, 496

ridge waveguide, 98, 361

RIN, 115, 170,214,384, 500

dispersion-induced, 385

reflection-induced, 384

spectrum of, 115

ring cavity, 417

ring topology, 188

rise time, 112, 135, 193-195

rise-time budget, 193-195

router

passive, 352

static, 352

waveguide-grating, 351

WDM, 351

RZ format, 13, 114, 152, 194, 195, 317,

372, 376,411,418

Sagnac interferometer, 343, 359, 377

sampling theorem, 9

saturable absorber, 417, 445

saturation current, 8

1

saturation energy, 237, 255

saturation power, 227, 235

output, 229, 235, 241, 255

saturation velocity, 137

SBS, see Brillouin scattering

Schottky barrier, 148

SCM systems, 381-388

analog, 382-385

digital, 385-386

distortion in, 383

multiwavelength, 386

SDH, 13, 199, 336
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self-phase modulation, 64, 196, 239, 270,

286, 301-302, 307, 386, 404-

411,506

Sellmeier equation, 39

semiconductor lasers

broad-area, 97

buried heterostructure, 98

characteristics of, 106

coupled-cavity, 102

coupling efficiency for, 120

DFB, see distributed feedback lasers

EDFA pumping by, 25

1

external-cavity, 416

feedback sensitivity of, 120, 214

FM response of, 486

frequency stability of, 374

gain in, 93

gain-guided, 97

index-guided, 98

intensity noise of, 500

linewidth of, 116

longitudinal modes of, 96

materials for, 84

mode-locked, 240, 416

modulation response of, 110-114

MQW, 87, 213

multisection, 344

narrow linewidth, 499

noise in, 114-1 17

P—I Characteristics, 109

packaging of, 125

quantum-dot, 87

quantum-well, 87

quantum-wire, 87

reliability of, 124

single-frequency, 99

SNR of, 116

strained MQW, 87, 213, 499

stripe-geometry, 97

structures for, 96-99

surface-emitting, 105

temperature sensitivity of, 107

threshold of, 94

transfer function of, 111

tunable, 103, 359

semiconductor optical amplifiers, 232-243

angled-facet, 233

applications of, 241

bandwidth of, 233

buried-facet, 234

demultiplexing with, 379

design of, 233

Fabry-Perot, 232

facet reflectivity of, 233

filters based on, 344

four-wave mixing in, 304, 359

mode locking with, 417

polarization sensitivity of, 236

properties of, 234-243

pulse amplification in, 237

switching with, 356

tilted-stripe, 233

traveling-wave, 232

wavelength conversion with, 357

window-facet, 234

shot noise, see noise

shuffle network, 337

sideband instability, 197

signal

analog, 8-11, 382-385

audio, 8, 11, 185

beat, 418

binary, 8

clock, 377

crosstalk, 365

digital, 8-11, 385-386

duobinary, 284

FSK, 284

heterodyne, 481

homodyne, 480

microwave, 286, 381

multichannel, 340

phase-conjugated, 302

reduced-bandwidth, 284

spectrally encoded, 390

studio-quality video, 385

TE-polarized, 236

time-reversed, 301

TM-polarized, 236

video, 8, 11, 185, 382

WDM, 257, 345, 348, 351, 353, 368

signal-to-noise ratio, 10, 116, 158-161, 230,

372, 481

signature sequence, 389

silica-on-silicon technology, 342, 347, 349,

351,353, 361,376

silicon optical bench, 120, 342

silicon-on-insulator technology, 35

1

skew rays, 26

slope efficiency, 109, 122
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slow axis, 36

small-signal gain, 235, 245

SNR, see signal-to-noise ratio

Soleil-Babinet compensator, 319

soliton period, 406

soliton self-frequency shift, 450

soliton systems

amplifier noise in, 435-437

amplifier spacing for, 420-422

design of, 425-445

dispersion management for, 427-435,

463-467

high-capacity, 445-450

jitter control in, 442-445

modulation format for, 411

timing jitter in, 439-445

transmitters for, 4 1 6-4 1

8

WDM, 458-467

solitons

amplification of, 427

black, 409

bright, 406

broadening of, 418

collision of, 458-462, 464

dark, 409-41

1

DDF for, 427-429

dispersion-managed, 309, 429—435

distributed amplification of, 422

effect of fiber loss, 418

fundamental, 406

Gaussian shape for, 429

gray, 409

guiding-center, 421

higher-order, 406

information transmission with, 411

interaction of, 412-414, 447, 456

loss-managed, 418-427

order of, 406

orthogonally polarized, 465

path-averaged, 421

periodic amplification of, 420-422

properties of, 406-408

self-frequency shift of, 424

sources of, 416-418

SONET, 13, 199

source-fiber coupling, 118

spatial hole burning, 110

spatial phase filter, 316

speckle pattern, 202

spectral broadening, 280

spectral efficiency, 332, 341, 392

spectral filtering, 411

spectral hole burning, 110, 252

spectral inversion, 457

midspan, 300

spectral slicing, 338, 361, 362

splice loss, see loss

split-step Fourier method, 270, 429

spontaneous emission, 78, 79, 89, 107, 1 14,

230, 261

spontaneous-emission factor, 107, 230, 236,

255

spot size, 36

spot-size converter, 120, 485

spread-spectrum technique, 388

squaring loop, 488

SRS, see Raman scattering

staircase approximation, 428, 463

star coupler, 188, 337, 338, 350-351, 381

star topology, 188

Stark effect, 417

quantum-confinement, 485

Stark splitting, 252

stimulated Brillouin scattering, see Brillouin

scattering

stimulated emission, 78, 80, 92, 107

stimulated Raman scattering, see Raman scat-

tering

Stokes shift, 59, 250

stop band, 293, 294, 299, 311, 314, 346

streak camera, 286

subcarrier multiplexing, see multiplexing,

SCM systems

supercontinuum, 362, 380

surface acoustic wave, 343, 486

surface recombination, 83

susceptibility, 29

switch

bubble, 356

directional-coupler, 355

electro-optic, 355

electroholographic, 357

gate, 356

liquid-crystal, 356

Mach-Zender, 355

MEMS, 355

polymer-based, 355

semiconductor, 356

SOA-based, 356

space-division, 354
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thermo-optic, 355

wavelength-division, 357

switching time, 355

synchronous digital hierarchy, see SDH
synchronous optical network, see SONET
synchronous transport module, 13

system design, see lightwave systems

system margin, 192, 217

TCP/IP protocol, 381

TDM, see multiplexing

TDM systems, 375-381

demultiplexer for, 377-380

multihop, 381

multiplexer for, 375

performance of, 380

single-hop, 381

TE polarization, 236

telecommunication fiber links, 198-202

telegraphy, 2

thermal equilibrium, 78, 79, 81

thermal noise, see noise

thermo-optic coefficient, 355

thermoelectric cooler, 122, 125

thermoelectric heater, 416

segmented, 314

third-order dispersion, see dispersion

three-level system, 253

threshold condition, 95

threshold current, 95, 98, 108

temperature dependence of, 107

time-division multiplexing, see multiplex-

ing, TDM systems

timing jitter, 372, 439^145, 452^157, 464

acoustic, 454

ASE-induced, 266-269

collision-induced, 461-462

control of, 429, 442-445, 457

electrical, 171-173

Gordon-Haus, 266, 439

PMD-induced, 455

Raman-induced, 452

receiver, 171-173

soliton-interaction-induced, 456

TOD-induced, 457

WDM, 461-462

XPM-induced, 310

TM polarization, 236

tone spacing, 485

total internal reflection, 24, 26, 58, 87

transatlantic cable, 200

transfer function, 54, 90, 111, 151, 194,

286, 290, 292, 293

transistor

field-effect, 153

heterojunction-bipolar, 154, 362

high-electron-mobility, 153

transit time, 136, 139, 144

transition cross section, 227, 253

transmitter, see optical transmitter

transoceanic transmission, see lightwave sys-

tems

triple-beat distortion, 383

tuning range, 105

twin-amplifier configuration, 236

two-level system, 78, 226

homogeneously broadened, 227

two-photon absorption, 110

V parameter, 33, 289

V-shaped grooves, 345

vapor-axial deposition, 69

vapor-phase epitaxy, 86

variational method, 308, 430

Vernier effect, 105

vertical-cavity surface-emitting lasers, 105,

203, 214, 361

vestigial sideband, 382

walk-off effect, 371

wall-plug efficiency, 88, 109

wave equation, 29

waveguide dispersion, see dispersion

waveguide grating, see grating

waveguide photodiode, 141

waveguide-grating router, 338, 362, 374

wavelength conversion, 67, 304, 357-360

wavelength routing, 35

1

wavelength-division multiplexing, see mul-

tiplexing, WDM systems

WDM, see multiplexing, WDM systems, WDM
networks

WDM components, 339-362

WDM networks

all-optical, 334

Banyan, 337

broadcast, 334-336

deBruijn, 337

distribution, 334-336

Lambdanet, 337
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multihop, 336

multiple-access, 336-338

opaque, 334

passive, 338

Rainbow, 338

router for, 35

1

shuffle, 337

single-hop, 336

transparent, 334

transport, 334

WDM receiver, 360

WDM systems, 330-338, 373

amplifiers for, 271-272

coherent, 508

components for, 339, 362

crosstalk in, 362-375

dispersion-limited, 375

dispersion-managed, 310-320

point-to-point links, 331-334

soliton, 458-467

spectral efficiency of, 332

subcarrier-multiplexed, 386

WDM transmitter, 360

wide-deviation FSK, 486, 489

Wiener-Khinchin theorem, 156

zero-dispersion wavelength, 40, 50, 51, 54,

191,269, 271,302, 373
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Chapter 1

Introduction

A communication system transmits information from one place to another, whether

separated by a few kilometers or by transoceanic distances. Information is often car-

ried by an electromagnetic carrier wave whose frequency can vary from a few mega-

hertz to several hundred terahertz. Optical communication systems use high carrier

frequencies (~ 100 THz) in the visible or near-infrared region of the electromagnetic

spectrum. They are sometimes called lightwave systems to distinguish them from mi-

crowave systems, whose carrier frequency is typically smaller by five orders of mag-

nitude (~ 1 GHz). Fiber-optic communication systems are lightwave systems that em-

ploy optical fibers for information transmission. Such systems have been deployed

worldwide since 1980 and have indeed revolutionized the technology behind telecom-

munications. Indeed, the lightwave technology, together with microelectronics, is be-

lieved to be a major factor in the advent of the “information age.” The objective of

this book is to describe fiber-optic communication systems in a comprehensive man-

ner. The emphasis is on the fundamental aspects, but the engineering issues are also

discussed. The purpose of this introductory chapter is to present the basic concepts and

to provide the background material. Section 1 . 1 gives a historical perspective on the

development of optical communication systems. In Section 1.2 we cover concepts such

as analog and digital signals, channel multiplexing, and modulation formats. Relative

merits of guided and unguided optical communication systems are discussed in Sec-

tion 1.3. The last section focuses on the building blocks of a fiber-optic communication

system.

1.1 Historical Perspective

The use of light for communication purposes dates back to antiquity if we interpret

optical communications in a broad sense [1]. Most civilizations have used mirrors, fire

beacons, or smoke signals to convey a single piece of information (such as victory in

a war). Essentially the same idea was used up to the end of the eighteenth century

through signaling lamps, flags, and other semaphore devices. The idea was extended

further, following a suggestion of Claude Chappe in 1792, to transmit mechanically

1
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Figure 1.1: Schematic illustration of the optical telegraph and its inventor Claude Chappe. (After

Ref. [2]; ©1944 American Association for the Advancement of Science; reprinted with permis-

sion.)

coded messages over long distances (~ 100 km) by the use of intermediate relay sta-

tions [2], acting as regenerators or repeaters in the modern-day language. Figure 1.1

shows the basic idea schematically. The first such “optical telegraph” was put in service

between Paris and Lille (two French cities about 200 km apart) in July 1794. By 1830,

the network had expanded throughout Europe [1]. The role of light in such systems

was simply to make the coded signals visible so that they could be intercepted by the

relay stations. The opto-mechanical communication systems of the nineteenth century

were inherently slow. In modern-day terminology, the effective bit rate of such systems

was less than 1 bit per second (B < 1 b/s).

1.1.1 Need for Fiber-Optic Communications

The advent of telegraphy in the 1830s replaced the use of light by electricity and began

the era of electrical communications [3]. The bit rate B could be increased to ~ 10 b/s

by the use of new coding techniques, such as the Morse code. The use of intermediate

relay stations allowed communication over long distances (~ 1000 km). Indeed, the

first successful transatlantic telegraph cable went into operation in 1866. Telegraphy

used essentially a digital scheme through two electrical pulses of different durations

(dots and dashes of the Morse code). The invention of the telephone in 1876 brought

a major change inasmuch as electric signals were transmitted in analog form through a

continuously varying electric current [4]. Analog electrical techniques were to domi-

nate communication systems for a century or so.

The development of worldwide telephone networks during the twentieth century

led to many advances in the design of electrical communication systems. The use

of coaxial cables in place of wire pairs increased system capacity considerably. The

first coaxial-cable system, put into service in 1940, was a 3-MHz system capable of

transmitting 300 voice channels or a single television channel. The bandwidth of such

systems is limited by the frequency-dependent cable losses, which increase rapidly for

frequencies beyond 10 MHz. This limitation led to the development of microwave

communication systems in which an electromagnetic carrier wave with frequencies in
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the range of 1-10 GHz is used to transmit the signal by using suitable modulation

techniques.

The first microwave system operating at the carrier frequency of 4 GHz was put

into service in 1948. Since then, both coaxial and microwave systems have evolved

considerably and are able to operate at bit rates ~ 100 Mb/s. The most advanced coax-

ial system was put into service in 1975 and operated at a bit rate of 274 Mb/s. A severe

drawback of such high-speed coaxial systems is their small repeater spacing (~ 1 km),

which makes the system relatively expensive to operate. Microwave communication

systems generally allow for a larger repeater spacing, but their bit rate is also limited

by the carrier frequency of such waves. A commonly used figure of merit for commu-
nication systems is the bit rate-distance product , BL , where B is the bit rate and L is

the repeater spacing. Figure 1 .2 shows how the BL product has increased through tech-

nological advances during the last century and a half. Communication systems with

BL ~ 100 (Mb/s)-km were available by 1970 and were limited to such values because

of fundamental limitations.

It was realized during the second half of the twentieth century that an increase

of several orders of magnitude in the BL product would be possible if optical waves

were used as the carrier. However, neither a coherent optical source nor a suitable

transmission medium was available during the 1950s. The invention of the laser and

its demonstration in 1960 solved the first problem [5]. Attention was then focused

on finding ways for using laser light for optical communications. Many ideas were
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Figure 1.3: Increase in the capacity of lightwave systems realized after 1980. Commercial

systems (circles) follow research demonstrations (squares) with a few-year lag. The change in

the slope after 1992 is due to the advent ofWDM technology.

advanced during the 1960s [6], the most noteworthy being the idea of light confinement

using a sequence of gas lenses [7].

It was suggested in 1966 that optical fibers might be the best choice [8], as they

are capable of guiding the light in a manner similar to the guiding of electrons in cop-

per wires. The main problem was the high losses of optical fibers—fibers available

during the 1960s had losses in excess of 1000 dB/km. A breakthrough occurred in

1970 when fiber losses could be reduced to below 20 dB/km in the wavelength region

near 1 gm [9]. At about the same time, GaAs semiconductor lasers, operating contin-

uously at room temperature, were demonstrated [10]. The simultaneous availability of

compact optical sources and a low-loss optical fibers led to a worldwide effort for de-

veloping fiber-optic communication systems [11]. Figure 1.3 shows the increase in the

capacity of lightwave systems realized after 1980 through several generations of devel-

opment. As seen there, the commercial deployment of lightwave systems followed the

research and development phase closely. The progress has indeed been rapid as evi-

dent from an increase in the bit rate by a factor of 100,000 over a period of less than 25

years. Transmission distances have also increased from 10 to 10,000 km over the same

time period. As a result, the bit rate-distance product of modern lightwave systems can

exceed by a factor of 10
7 compared with the first-generation lightwave systems.

1.1.2 Evolution of Lightwave Systems

The research phase of fiber-optic communication systems started around 1975. The

enormous progress realized over the 25-year period extending from 1975 to 2000 can

be grouped into several distinct generations. Figure 1.4 shows the increase in the BL
product over this time period as quantified through various laboratory experiments [12].

The straight line corresponds to a doubling of the BL product every year. In every
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Figure 1.4: Increase in the BL product over the period 1975 to 1980 through several generations

of lightwave systems. Different symbols are used for successive generations. (After Ref. [12];

©2000 IEEE; reprinted with permission.)

generation, BL increases initially but then begins to saturate as the technology matures.

Each new generation brings a fundamental change that helps to improve the system

performance further.

The first generation of lightwave systems operated near 0.8 /im and used GaAs
semiconductor lasers. After several field trials during the period 1977-79, such systems

became available commercially in 1980 [13]. They operated at a bit rate of 45 Mb/s

and allowed repeater spacings of up to 10 km. The larger repeater spacing compared

with 1 -km spacing of coaxial systems was an important motivation for system design-

ers because it decreased the installation and maintenance costs associated with each

repeater.

It was clear during the 1970s that the repeater spacing could be increased consid-

erably by operating the lightwave system in the wavelength region near 1.3 gm, where

fiber loss is below 1 dB/km. Furthermore, optical fibers exhibit minimum dispersion in

this wavelength region. This realization led to a worldwide effort for the development

of InGaAsP semiconductor lasers and detectors operating near 1.3 gm. The second

generation of fiber-optic communication systems became available in the early 1980s,

but the bit rate of early systems was limited to below 100 Mb/s because of dispersion in

multimode fibers [14]. This limitation was overcome by the use of single-mode fibers.

A laboratory experiment in 1981 demonstrated transmission at 2 Gb/s over 44 km of

single-mode fiber [15]. The introduction of commercial systems soon followed. By
1987, second-generation lightwave systems, operating at bit rates of up to 1.7 Gb/s

with a repeater spacing of about 50 km, were commercially available.

The repeater spacing of the second-generation lightwave systems was limited by

the fiber losses at the operating wavelength of 1.3 gm (typically 0.5 dB/km). Losses
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of silica fibers become minimum near 1.55 /im. Indeed, a 0.2-dB/km loss was real-

ized in 1979 in this spectral region [16]. However, the introduction of third-generation

lightwave systems operating at 1.55 gm was considerably delayed by a large fiber

dispersion near 1.55 gm. Conventional InGaAsP semiconductor lasers could not be

used because of pulse spreading occurring as a result of simultaneous oscillation of

several longitudinal modes. The dispersion problem can be overcome either by using

dispersion-shifted fibers designed to have minimum dispersion near 1.55 gm or by lim-

iting the laser spectrum to a single longitudinal mode. Both approaches were followed

during the 1980s. By 1985, laboratory experiments indicated the possibility of trans-

mitting information at bit rates of up to 4 Gb/s over distances in excess of 100 km [17].

Third-generation lightwave systems operating at 2.5 Gb/s became available commer-

cially in 1990. Such systems are capable of operating at a bit rate of up to 10 Gb/s [18].

The best performance is achieved using dispersion-shifted fibers in combination with

lasers oscillating in a single longitudinal mode.

A drawback of third-generation 1.55-/1m systems is that the signal is regenerated

periodically by using electronic repeaters spaced apart typically by 60-70 km. The

repeater spacing can be increased by making use of a homodyne or heterodyne detec-

tion scheme because its use improves receiver sensitivity. Such systems are referred

to as coherent lightwave systems. Coherent systems were under development world-

wide during the 1980s, and their potential benefits were demonstrated in many system

experiments [19]. However, commercial introduction of such systems was postponed

with the advent of fiber amplifiers in 1989.

The fourth generation of lightwave systems makes use of optical amplification for

increasing the repeater spacing and of wavelength-division multiplexing (WDM) for

increasing the bit rate. As evident from different slopes in Fig. 1.3 before and after

1992, the advent of the WDM technique started a revolution that resulted in doubling

of the system capacity every 6 months or so and led to lightwave systems operating at

a bit rate of 10 Tb/s by 2001. In most WDM systems, fiber losses are compensated

periodically using erbium-doped fiber amplifiers spaced 60-80 km apart. Such ampli-

fiers were developed after 1985 and became available commercially by 1990. A 1991

experiment showed the possibility of data transmission over 21,000 km at 2.5 Gb/s,

and over 14,300 km at 5 Gb/s, using a recirculating-loop configuration [20]. This per-

formance indicated that an amplifier-based, all-optical, submarine transmission system

was feasible for intercontinental communication. By 1996, not only transmission over

11,300 km at a bit rate of 5 Gb/s had been demonstrated by using actual submarine

cables [21], but commercial transatlantic and transpacific cable systems also became

available. Since then, a large number of submarine lightwave systems have been de-

ployed worldwide.

Figure 1.5 shows the international network of submarine systems around 2000 [22].

The 27,000-km fiber-optic link around the globe (known as FLAG) became operational

in 1998, linking many Asian and European countries [23]. Another major lightwave

system, known as Africa One was operating by 2000; it circles the African continent

and covers a total transmission distance of about 35,000 km [24]. Several WDM sys-

tems were deployed across the Atlantic and Pacific oceans during 1998-2001 in re-

sponse to the Internet-induced increase in the data traffic; they have increased the total

capacity by orders of magnitudes. A truly global network covering 250,000 km with a
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Figure 1.5: International undersea network of fiber-optic communication systems around 2000.

(After Ref. [22]; ©2000 Academic; reprinted with permission.)

capacity of 2.56 Tb/s (64 WDM channels at 10 Gb/s over 4 fiber pairs) is scheduled to

be operational in 2002 [25]. Clearly, the fourth-generation systems have revolutionized

the whole field of fiber-optic communications.

The current emphasis ofWDM lightwave systems is on increasing the system ca-

pacity by transmitting more and more channels through the WDM technique. With

increasing WDM signal bandwidth, it is often not possible to amplify all channels

using a single amplifier. As a result, new kinds of amplification schemes are being

explored for covering the spectral region extending from 1.45 to 1.62 gm. This ap-

proach led in 2000 to a 3.28-Tb/s experiment in which 82 channels, each operating at

40 Gb/s, were transmitted over 3000 km, resulting in a BL product of almost 10,000

(Tb/s)-km. Within a year, the system capacity could be increased to nearly 1 1 Tb/s

(273 WDM channels, each operating at 40 Gb/s) but the transmission distance was

limited to 117 km [26]. In another record experiment, 300 channels, each operating

at 11.6 Gb/s, were transmitted over 7380 km, resulting in a BL product of more than

25,000 (Tb/s)-km [27]. Commercial terrestrial systems with the capacity of 1.6 Tb/s

were available by the end of 2000, and the plans were underway to extend the capacity

toward 6.4 Tb/s. Given that the first-generation systems had a capacity of 45 Mb/s in

1980, it is remarkable that the capacity has jumped by a factor of more than 10,000

over a period of 20 years.

The fifth generation of fiber-optic communication systems is concerned with ex-

tending the wavelength range over which a WDM system can operate simultaneously.

The conventional wavelength window, known as the C band, covers the wavelength

range 1 .53-1 .57 fim. It is being extended on both the long- and short-wavelength sides,

resulting in the L and S bands, respectively. The Raman amplification technique can be

used for signals in all three wavelength bands. Moreover, a new kind of fiber, known

as the dry fiber has been developed with the property that fiber losses are small over

the entire wavelength region extending from 1.30 to 1.65 /xm [28]. Availability of such

fibers and new amplification schemes may lead to lightwave systems with thousands of

WDM channels.

The fifth-generation systems also attempt to increase the bit rate of each channel
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within theWDM signal. Starting in 2000, many experiments used channels operating at

40 Gb/s; migration toward 160 Gb/s is also likely in the future. Such systems require an

extremely careful management of fiber dispersion. An interesting approach is based on

the concept of optical solitons—pulses that preserve their shape during propagation in

a lossless fiber by counteracting the effect of dispersion through the fiber nonlinearity.

Although the basic idea was proposed [29] as early as 1973, it was only in 1988 that

a laboratory experiment demonstrated the feasibility of data transmission over 4000

km by compensating the fiber loss through Raman amplification [30]. Erbium-doped

fiber amplifiers were used for soliton amplification starting in 1989. Since then, many

system experiments have demonstrated the eventual potential of soliton communication

systems. By 1994, solitons were transmitted over 35,000 km at 10 Gb/s and over

24,000 km at 15 Gb/s [31]. Starting in 1996, the WDM technique was also used for

solitons in combination with dispersion management. In a 2000 experiment, up to 27

WDM channels, each operating at 20 Gb/s, were transmitted over 9000 km using a

hybrid amplification scheme [32].

Even though the fiber-optic communication technology is barely 25 years old, it has

progressed rapidly and has reached a certain stage of maturity. This is also apparent

from the publication of a large number of books on optical communications and WDM
networks since 1995 [33]—[55]. This third edition of a book, first published in 1992, is

intended to present an up-to-date account of fiber-optic communications systems with

emphasis on recent developments.

1.2 Basic Concepts

This section introduces a few basic concepts common to all communication systems.

We begin with a description of analog and digital signals and describe how an ana-

log signal can be converted into digital form. We then consider time- and frequency-

division multiplexing of input signals, and conclude with a discussion of various mod-

ulation formats.

1.2.1 Analog and Digital Signals

In any communication system, information to be transmitted is generally available as

an electrical signal that may take analog or digital form [56]. In the analog case, the

signal (e. g., electric current) varies continuously with time, as shown schematically in

Fig. 1.6(a). Familiar examples include audio and video signals resulting when a mi-

crophone converts voice or a video camera converts an image into an electrical signal.

By contrast, the digital signal takes only a few discrete values. In the binary represen-

tation of a digital signal only two values are possible. The simplest case of a binary

digital signal is one in which the electric current is either on or off, as shown in Fig.

1.6(b). These two possibilities are called “bit 1” and “bit 0” (bit is a contracted form of

binary digit). Each bit lasts for a certain period of time 7#, known as the bit period or

bit slot. Since one bit of information is conveyed in a time interval 7#, the bit rate B,

defined as the number of bits per second, is simply B = Tg 1

. A well-known example of

digital signals is provided by computer data. Each letter of the alphabet together with
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(a)

(6 )

Figure 1.6: Representation of (a) an analog signal and (b) a digital signal.

other common symbols (decimal numerals, punctuation marks, etc.) is assigned a code

number (ASCII code) in the range 0-127 whose binary representation corresponds to

a 7-bit digital signal. The original ASCII code has been extended to represent 256

characters transmitted through 8-bit bytes. Both analog and digital signals are charac-

terized by their bandwidth, which is a measure of the spectral contents of the signal.

The signal bandwidth represents the range of frequencies contained within the signal

and is determined mathematically through its Fourier transform.

An analog signal can be converted into digital form by sampling it at regular inter-

vals of time [56]. Figure 1.7 shows the conversion method schematically. The sampling

rate is determined by the bandwidth A/ of the analog signal. According to the sam-

pling theorem [57]—[59], a bandwidth-limited signal can be fully represented by dis-

crete samples, without any loss of information, provided that the sampling frequency

fs satisfies the Nyquist criterion [60], fs > 2A/. The first step consists of sampling

the analog signal at the right frequency. The sampled values can take any value in the

range 0 < A < Amax , whereAmax is the maximum amplitude of the given analog signal.

Let us assume that Amax is divided intoM discrete (not necessarily equally spaced) in-

tervals. Each sampled value is quantized to correspond to one of these discrete values.

Clearly, this procedure leads to additional noise, known as quantization noise , which

adds to the noise already present in the analog signal.

The effect of quantization noise can be minimized by choosing the number of dis-

crete levels such thatM > Amax/Aw, whereA^ is the root-mean-square noise amplitude

of the analog signal. The ratio A max /A^/ is called the dynamic range and is related to
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Figure 1.7: Three steps of (a) sampling, (b) quantization, and (c) coding required for converting

an analog signal into a binary digital signal.

the signal-to-noise ratio (SNR) by the relation

SNR = 201og 10 (Amax/AiV ), (1.2.1)

where SNR is expressed in decibel (dB) units. Any ratio R can be converted into

decibels by using the general definition 101og
10
R (see Appendix A). Equation (1.2.1)

contains a factor of 20 in place of 10 simply because the SNR for electrical signals is

defined with respect to the electrical power, whereas A is related to the electric current

(or voltage).

The quantized sampled values can be converted into digital format by using a suit-

able conversion technique. In one scheme, known as pulse-position modulation
,
pulse

position within the bit slot is a measure of the sampled value. In another, known as

pulse-duration modulation , the pulse width is varied from bit to bit in accordance with

the sampled value. These techniques are rarely used in practical optical communication

systems, since it is difficult to maintain the pulse position or pulse width to high accu-

racy during propagation inside the fiber. The technique used almost universally, known

as pulse-code modulation (PCM), is based on a binary scheme in which information

is conveyed by the absence or the presence of pulses that are otherwise identical. A
binary code is used to convert each sampled value into a string of 1 and 0 bits. The
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number of bits m needed to code each sample is related to the number of quantized

signal levels M by the relation

M = 2
m

or m = \og2 M. (1.2.2)

The bit rate associated with the PCM digital signal is thus given by

B — mfs > (2A/)log 2 M, (1.2.3)

where the Nyquist criterion, fs > 2A/, was used. By noting that M > Amax/A^ and

using Eq. (1.2.1) together with log 2 10 ~ 3.33,

B> (A//3)SNR, (1.2.4)

where the SNR is expressed in decibel (dB) units.

Equation (1.2.4) provides the minimum bit rate required for digital representation

of an analog signal of bandwidth A/ and a specific SNR. When SNR > 30 dB, the

required bit rate exceeds 10(A/), indicating a considerable increase in the bandwidth

requirements of digital signals. Despite this increase, the digital format is almost al-

ways used for optical communication systems. This choice is made because of the

superior performance of digital transmission systems. Lightwave systems offer such

an enormous increase in the system capacity (by a factor ~ 10
5
) compared with mi-

crowave systems that some bandwidth can be traded for improved performance.

As an illustration of Eq. (1.2.4), consider the digital conversion of an audio signal

generated in a telephone. The analog audio signal contains frequencies in the range

0.3-3 .4 kHz with a bandwidth A/ = 3.1 kHz and has a SNR of about 30 dB. Equa-

tion (1.2.4) indicates that B > 31 kb/s. In practice, a digital audio channel operates at

64 kb/s. The analog signal is sampled at intervals of 125 /is (sampling rate fs
= 8 kHz),

and each sample is represented by 8 bits. The required bit rate for a digital video signal

is higher by more than a factor of 1000. The analog television signal has a bandwidth

~ 4 MHz with a SNR of about 50 dB. The minimum bit rate from Eq. (1.2.4) is 66 Mb/s.

In practice, a digital video signal requires a bit rate of 100 Mb/s or more unless it is

compressed by using a standard format (such as MPEG-2).

1.2.2 Channel Multiplexing

As seen in the preceding discussion, a digital voice channel operates at 64 kb/s. Most

fiber-optic communication systems are capable of transmitting at a rate of more than

1 Gb/s. To utilize the system capacity fully, it is necessary to transmit many channels

simultaneously through multiplexing. This can be accomplished through time-division

multiplexing (TDM) orfrequency-division multiplexing (FDM). In the case of TDM,
bits associated with different channels are interleaved in the time domain to form a

composite bit stream. For example, the bit slot is about 15 /is for a single voice channel

operating at 64 kb/s. Five such channels can be multiplexed through TDM if the bit

streams of successive channels are delayed by 3 /is. Figure 1.8(a) shows the resulting

bit stream schematically at a composite bit rate of 320 kb/s.

In the case of FDM, the channels are spaced apart in the frequency domain. Each

channel is carried by its own carrier wave. The carrier frequencies are spaced more than
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(a)

(6 )

Figure 1.8: (a) Time-division multiplexing of five digital voice channels operating at 64 kb/s;

(b) frequency-division multiplexing of three analog signals.

the channel bandwidth so that the channel spectra do not overlap, as seen Fig. 1.8(b).

FDM is suitable for both analog and digital signals and is used in broadcasting of radio

and television channels. TDM is readily implemented for digital signals and is com-

monly used for telecommunication networks. It is important to realize that TDM and

FDM can be implemented in both the electrical and optical domains; optical FDM is

often referred to as WDM. Chapter 8 is devoted to optical-domain multiplexing tech-

niques. This section covers electrical TDM, which is employed universally to multiplex

a large number of voice channels into a single electrical bit stream.

The concept ofTDM has been used to form digital hierarchies. In North America

and Japan, the first level corresponds to multiplexing of 24 voice channels with a com-

posite bit rate of 1.544 Mb/s (hierarchy DS-1), whereas in Europe 30 voice channels

are multiplexed, resulting in a composite bit rate of 2.048 Mb/s. The bit rate of the

multiplexed signal is slightly larger than the simple product of 64 kb/s with the number

of channels because of extra control bits that are added for separating (demultiplexing)

the channels at the receiver end. The second-level hierarchy is obtained by multiplex-

ing 4 DS-1 TDM channels. This results in a bit rate of 6.312 Mb/s (hierarchy DS-2)

for North America or Japan and 8.448 Mb/s for Europe. This procedure is continued to

obtain higher-level hierarchies. For example, at the fifth level of hierarchy, the bit rate

becomes 565 Mb/s for Europe and 396 Mb/s for Japan.
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Table 1.1 SONET/SDH bit rates

SONET SDH B (Mb/s) Channels

OC-1 51.84 672

OC-3 STM-1 155.52 2,016

OC-12 STM-4 622.08 8,064

OC-48 STM- 16 2,488.32 32,256

OC-192 STM-64 9,953.28 129,024

OC-768 STM-256 39,813.12 516,096

The lack of an international standard in the telecommunication industry during the

1980s led to the advent of a new standard, first called the synchronous optical network

(SONET) and later termed the synchronous digital hierarchy or SDH [61]—[63]. It

defines a synchronous frame structure for transmitting TDM digital signals. The basic

building block of the SONET has a bit rate of 51.84 Mb/s. The corresponding optical

signal is referred to as OC-1, where OC stands for optical carrier. The basic building

block of the SDH has a bit rate of 155.52 Mb/s and is referred to as STM-1, where

STM stands for a synchronous transport module. A useful feature of the SONET and

SDH is that higher levels have a bit rate that is an exact multiple of the basic bit rate.

Table 1 . 1 lists the correspondence between SONET and SDH bit rates for several levels.

The SDH provides an international standard that appears to be well adopted. Indeed,

lightwave systems operating at the STM-64 level (B « 10 Gb/s) are available since

1996 [18]. Commercial STM-256 (OC-768) systems operating near 40 Gb/s became

available by 2002.

1.2.3 Modulation Formats

The first step in the design of an optical communication system is to decide how the

electrical signal would be converted into an optical bit stream. Normally, the output of

an optical source such as a semiconductor laser is modulated by applying the electrical

signal either directly to the optical source or to an external modulator. There are two

choices for the modulation format of the resulting optical bit stream. These are shown

in Fig. 1.9 and are known as the return-to-zero (RZ) and nonreturn-to-zero (NRZ)

formats. In the RZ format, each optical pulse representing bit 1 is shorter than the bit

slot, and its amplitude returns to zero before the bit duration is over. In the NRZ format,

the optical pulse remains on throughout the bit slot and its amplitude does not drop to

zero between two or more successive 1 bits. As a result, pulse width varies depending

on the bit pattern, whereas it remains the same in the case of RZ format. An advantage

of the NRZ format is that the bandwidth associated with the bit stream is smaller than

that of the RZ format by about a factor of 2 simply because on-off transitions occur

fewer times. However, its use requires tighter control of the pulse width and may lead

to bit-pattern-dependent effects if the optical pulse spreads during transmission. The

NRZ format is often used in practice because of a smaller signal bandwidth associated

with it.



14 CHAPTER 1. INTRODUCTION

Time

(b)

Figure 1.9: Digital bit stream 010110... coded by using (a) return-to-zero (RZ) and (b)

nonreturn-to-zero (NRZ) formats.

The use of the RZ format in the optical domain began to attract attention around

1999 after it was found that its use may help the design of high-capacity lightwave sys-

tems [64]—[66] . An example of the RZ format is provided by the dispersion-managed

soliton systems where a chirped pulse propagates inside the fiber link in a periodic

fashion, and the average dispersion is used to counteract the buildup of the nonlin-

ear effects [67]. In an interesting variant of the RZ format, known as the chirped RZ
(or CRZ) format, optical pulses in each bit slot are chirped before they are launched

into the fiber link but the system is operated in a quasi-linear regime [68]. In other

schemes, modulation formats well known in the field of microwave communications

are applied to the optical domain. Such formats are known as carrier-suppressed RZ
(CSRZ), single-sideband, or vestigial-sideband formats [59]. Such RZ formats benefit

from a reduced bandwidth compared to the standard RZ format.

An important issue is related to the choice of the physical variable that is modulated

to encode the data on the optical carrier. The optical carrier wave before modulation is

of the form

E(r) = eAcos(coot + 0), (1.2.5)

where E is the electric field vector, e is the polarization unit vector, A is the amplitude,

coo is the carrier frequency, and 0 is the phase. The spatial dependence of E is sup-

pressed for simplicity of notation. One may choose to modulate the amplitude A, the

frequency O)o, or the phase 0. In the case of analog modulation, the three modulation

choices are known as amplitude modulation (AM), frequency modulation (FM), and

phase modulation (PM). The same modulation techniques can be applied in the digital

case and are called amplitude-shift keying (ASK), frequency-shift keying (FSK), and
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Figure 1.10: Generic optical communication system.

phase-shift keying (PSK), depending on whether the amplitude, frequency, or phase of

the carrier wave is shifted between the two levels of a binary digital signal. The sim-

plest technique consists of simply changing the signal power between two levels, one

of which is set to zero, and is often called on-off keying (OOK) to reflect the on-off

nature of the resulting optical signal. Most digital lightwave systems employ OOK in

combination with PCM.

1.3 Optical Communication Systems

As mentioned earlier, optical communication systems differ in principle from mi-

crowave systems only in the frequency range of the carrier wave used to carry the

information. The optical carrier frequencies are typically ~ 200 THz, in contrast with

the microwave carrier frequencies (~ 1 GHz). An increase in the information capac-

ity of optical communication systems by a factor of up to 10,000 is expected simply

because of such high carrier frequencies used for lightwave systems. This increase

can be understood by noting that the bandwidth of the modulated carrier can be up

to a few percent of the carrier frequency. Taking, for illustration, 1% as the limiting

value, optical communication systems have the potential of carrying information at

bit rates ~ 1 Tb/s. It is this enormous potential bandwidth of optical communication

systems that is the driving force behind the worldwide development and deployment

of lightwave systems. Current state-of-the-art systems operate at bit rates ~ 10 Gb/s,

indicating that there is considerable room for improvement.

Figure 1.10 shows a generic block diagram of an optical communication system. It

consists of a transmitter, a communication channel, and a receiver, the three elements

common to all communication systems. Optical communication systems can be clas-

sified into two broad categories: guided and unguided. As the name implies, in the

case of guided lightwave systems, the optical beam emitted by the transmitter remains

spatially confined. This is realized in practice by using optical fibers, as discussed

in Chapter 2. Since all guided optical communication systems currently use optical

fibers, the commonly used term for them is fiber-optic communication systems. The

term lightwave system is also sometimes used for fiber-optic communication systems,

although it should generally include both guided and unguided systems.

In the case of unguided optical communication systems, the optical beam emitted

by the transmitter spreads in space, similar to the spreading of microwaves. How-
ever, unguided optical systems are less suitable for broadcasting applications than mi-

crowave systems because optical beams spread mainly in the forward direction (as a re-

sult of their short wavelength). Their use generally requires accurate pointing between

the transmitter and the receiver. In the case of terrestrial propagation, the signal in un-
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guided systems can deteriorate considerably by scattering within the atmosphere. This

problem, of course, disappears in free-space communications above the earth atmo-

sphere (e.g., intersatellite communications). Although free-space optical communica-

tion systems are needed for certain applications and have been studied extensively [69],

most terrestrial applications make use offiber-optic communication systems. This book

does not consider unguided optical communication systems.

The application of optical fiber communications is in general possible in any area

that requires transfer of information from one place to another. However, fiber-optic

communication systems have been developed mostly for telecommunications applica-

tions. This is understandable in view of the existing worldwide telephone networks

which are used to transmit not only voice signals but also computer data and fax mes-

sages. The telecommunication applications can be broadly classified into two cate-

gories, long-haul and short-haul , depending on whether the optical signal is transmit-

ted over relatively long or short distances compared with typical intercity distances

(~ 100 km). Long-haul telecommunication systems require high-capacity trunk lines

and benefit most by the use of fiber-optic lightwave systems. Indeed, the technology

behind optical fiber communication is often driven by long-haul applications. Each

successive generation of lightwave systems is capable of operating at higher bit rates

and over longer distances. Periodic regeneration of the optical signal by using repeaters

is still required for most long-haul systems. However, more than an order-of-magnitude

increase in both the repeater spacing and the bit rate compared with those of coaxial

systems has made the use of lightwave systems very attractive for long-haul applica-

tions. Furthermore, transmission distances of thousands of kilometers can be realized

by using optical amplifiers. As shown in Fig. 1.5, a large number of transoceanic light-

wave systems have already been installed to create an international fiber-optic network.

Short-haul telecommunication applications cover intracity and local-loop traffic.

Such systems typically operate at low bit rates over distances of less than 10 km. The

use of single-channel lightwave systems for such applications is not very cost-effective,

and multichannel networks with multiple services should be considered. The concept

of a broadband integrated-services digital network requires a high-capacity communi-

cation system capable of carrying multiple services. The asynchronous transfer mode

(ATM) technology also demands high bandwidths. Only fiber-optic communication

systems are likely to meet such wideband distribution requirements. Multichannel

lightwave systems and their applications in local-area networks are discussed in Chap-

ter 8.

1.4 Lightwave System Components

The generic block diagram of Fig. 1.10 applies to a fiber-optic communication system,

the only difference being that the communication channel is an optical fiber cable. The

other two components, the optical transmitter and the optical receiver, are designed to

meet the needs of such a specific communication channel. In this section we discuss

the general issues related to the role of optical fiber as a communication channel and

to the design of transmitters and receivers. The objective is to provide an introductory

overview, as the three components are discussed in detail in Chapters 2-4.
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Figure 1.11: Components of an optical transmitter.

1.4.1 Optical Fibers as a Communication Channel

The role of a communication channel is to transport the optical signal from transmit-

ter to receiver without distorting it. Most lightwave systems use optical fibers as the

communication channel because silica fibers can transmit light with losses as small as

0.2 dB/km. Even then, optical power reduces to only 1% after 100 km. For this reason,

fiber losses remain an important design issue and determines the repeater or ampli-

fier spacing of a long-haul lightwave system. Another important design issue is fiber

dispersion , which leads to broadening of individual optical pulses with propagation.

If optical pulses spread significantly outside their allocated bit slot, the transmitted

signal is severely degraded. Eventually, it becomes impossible to recover the origi-

nal signal with high accuracy. The problem is most severe in the case of multimode

fibers, since pulses spread rapidly (typically at a rate of ~ 10 ns/km) because of differ-

ent speeds associated with different fiber modes. It is for this reason that most optical

communication systems use single-mode fibers. Material dispersion (related to the fre-

quency dependence of the refractive index) still leads to pulse broadening (typically

<0.1 ns/km), but it is small enough to be acceptable for most applications and can be

reduced further by controlling the spectral width of the optical source. Nevertheless,

as discussed in Chapter 2, material dispersion sets the ultimate limit on the bit rate and

the transmission distance of fiber-optic communication systems.

1.4.2 Optical Transmitters

The role of an optical transmitter is to convert the electrical signal into optical form and

to launch the resulting optical signal into the optical fiber. Figure 1.11 shows the block

diagram of an optical transmitter. It consists of an optical source, a modulator, and

a channel coupler. Semiconductor lasers or light-emitting diodes are used as optical

sources because of their compatibility with the optical-fiber communication channel;

both are discussed in detail in Chapter 3. The optical signal is generated by modulating

the optical carrier wave. Although an external modulator is sometimes used, it can

be dispensed with in some cases, since the output of a semiconductor optical source

can be modulated directly by varying the injection current. Such a scheme simplifies

the transmitter design and is generally cost-effective. The coupler is typically a mi-
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Figure 1.12: Components of an optical receiver.

crolens that focuses the optical signal onto the entrance plane of an optical fiber with

the maximum possible efficiency.

The launched power is an important design parameter. One can increase the am-

plifier (or repeater) spacing by increasing it, but the onset of various nonlinear effects

limits how much the input power can be increased. The launched power is often ex-

pressed in “dBm” units with 1 mW as the reference level. The general definition is (see

Appendix A)

power (dBm) = 101og 10 (1-4.1)

Thus, 1 mW is 0 dBm, but 1 gW corresponds to —30 dBm. The launched power is

rather low (< — 10 dBm) for light-emitting diodes but semiconductor lasers can launch

powers ~ 10 dBm. As light-emitting diodes are also limited in their modulation capa-

bilities, most lightwave systems use semiconductor lasers as optical sources. The bit

rate of optical transmitters is often limited by electronics rather than by the semicon-

ductor laser itself. With proper design, optical transmitters can be made to operate at

a bit rate of up to 40 Gb/s. Chapter 3 is devoted to a complete description of optical

transmitters.

1.4.3 Optical Receivers

An optical receiver converts the optical signal received at the output end of the opti-

cal fiber back into the original electrical signal. Figure 1.12 shows the block diagram

of an optical receiver. It consists of a coupler, a photodetector, and a demodulator.

The coupler focuses the received optical signal onto the photodetector. Semiconductor

photodiodes are used as photodetectors because of their compatibility with the whole

system; they are discussed in Chapter 4. The design of the demodulator depends on

the modulation format used by the lightwave system. The use of FSK and PSK for-

mats generally requires heterodyne or homodyne demodulation techniques discussed

in Chapter 10. Most lightwave systems employ a scheme referred to as “intensity

modulation with direct detection” (IM/DD). Demodulation in this case is done by a

decision circuit that identifies bits as 1 or 0, depending on the amplitude of the electric

signal. The accuracy of the decision circuit depends on the SNR of the electrical signal

generated at the photodetector.



PROBLEMS 19

The performance of a digital lightwave system is characterized through the bit-

error rate (BER). Although the BER can be defined as the number of errors made per

second, such a definition makes the BER bit-rate dependent. It is customary to define

the BER as the average probability of incorrect bit identification. Therefore, a BER
of 10

-6
corresponds to on average one error per million bits. Most lightwave systems

specify a BER of 10~ 9
as the operating requirement; some even require a BER as small

as 10
-14

. The error-correction codes are sometimes used to improve the raw BER of a

lightwave systems.

An important parameter for any receiver is the receiver sensitivity. It is usually

defined as the minimum average optical power required to realize a BER of 10
~ 9

. Re-

ceiver sensitivity depends on the SNR, which in turn depends on various noise sources

that corrupt the signal received. Even for a perfect receiver, some noise is introduced

by the process of photodetection itself. This is referred to as the quantum noise or the

shot noise , as it has its origin in the particle nature of electrons. Optical receivers op-

erating at the shot-noise limit are called quantum-noise-limited receivers. No practical

receiver operates at the quantum-noise limit because of the presence of several other

noise sources. Some of the noise sources such as thermal noise are internal to the re-

ceiver. Others originate at the transmitter or during propagation along the fiber link.

For instance, any amplification of the optical signal along the transmission line with

the help of optical amplifiers introduces the so-called amplifier noise that has its origin

in the fundamental process of spontaneous emission. Chromatic dispersion in optical

fibers can add additional noise through phenomena such as intersymbol interference

and mode-partition noise. The receiver sensitivity is determined by a cumulative ef-

fect of all possible noise mechanisms that degrade the SNR at the decision circuit. In

general, it also depends on the bit rate as the contribution of some noise sources (e.g.,

shot noise) increases in proportion to the signal bandwidth. Chapter 4 is devoted to

noise and sensitivity issues of optical receivers by considering the SNR and the BER
in digital lightwave systems.

Problems

1.1 Calculate the carrier frequency for optical communication systems operating at

0.88, 1.3, and 1.55 /im. What is the photon energy (in eV) in each case?

1.2 Calculate the transmission distance over which the optical power will attenuate

by a factor of 10 for three fibers with losses of 0.2, 20, and 2000 dB/km. Assum-

ing that the optical power decreases as exp(— aL), calculate a (in cm -1
) for the

three fibers.

1.3 Assume that a digital communication system can be operated at a bit rate of up

to 1% of the carrier frequency. How many audio channels at 64 kb/s can be

transmitted over a microwave carrier at 5 GHz and an optical carrier at 1 .55 gm?

1.4 A 1-hour lecture script is stored on the computer hard disk in the ASCII format.

Estimate the total number of bits assuming a delivery rate of 200 words per

minute and on average 5 letters per word. How long will it take to transmit the

script at a bit rate of 1 Gb/s?
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1.5 A 1.55-jum digital communication system operating at 1 Gb/s receives an aver-

age power of —40 dBm at the detector. Assuming that 1 and 0 bits are equally

likely to occur, calculate the number of photons received within each 1 bit.

1.6 An analog voice signal that can vary over the range 0-50 mA is digitized by

sampling it at 8 kHz. The first four sample values are 10, 21, 36, and 16 mA.

Write the corresponding digital signal (a string of 1 and 0 bits) by using a 4-bit

representation for each sample.

1.7 Sketch the variation of optical power with time for a digital NRZ bit stream

010111101110 by assuming a bit rate of 2.5 Gb/s. What is the duration of the

shortest and widest optical pulse?

1.8 A 1.55-/1m fiber-optic communication system is transmitting digital signals over

100 km at 2 Gb/s. The transmitter launches 2 mW of average power into the fiber

cable, having a net loss of 0.3 dB/km. How many photons are incident on the

receiver during a single 1 bit? Assume that 0 bits carry no power, while 1 bits

are in the form of a rectangular pulse occupying the entire bit slot (NRZ format).

1.9 A 0.8-/im optical receiver needs at least 1000 photons to detect the 1 bits ac-

curately. What is the maximum possible length of the fiber link for a 100-Mb/s

optical communication system designed to transmit — 10 dBm of average power?

The fiber loss is 2 dB/km at 0.8 gm. Assume the NRZ format and a rectangular

pulse shape.

1.10

A 1.3-jLtm optical transmitter is used to obtain a digital bit stream at a bit rate

of 2 Gb/s. Calculate the number of photons contained in a single 1 bit when the

average power emitted by the transmitter is 4 mW. Assume that the 0 bits carry

no energy.
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Chapter 2

Optical Fibers

The phenomenon of total internal reflection ,
responsible for guiding of light in opti-

cal fibers, has been known since 1854 [1]. Although glass fibers were made in the

1920s [2]-[4], their use became practical only in the 1950s, when the use of a cladding

layer led to considerable improvement in their guiding characteristics [5]— [7]. Before

1970, optical fibers were used mainly for medical imaging over short distances [8].

Their use for communication purposes was considered impractical because of high

losses (~ 1000 dB/km). However, the situation changed drastically in 1970 when, fol-

lowing an earlier suggestion [9], the loss of optical fibers was reduced to below 20

dB/km [10]. Further progress resulted by 1979 in a loss of only 0.2 dB/km near the

1.55-jUm spectral region [11]. The availability of low-loss fibers led to a revolution

in the field of lightwave technology and started the era of fiber-optic communications.

Several books devoted entirely to optical fibers cover numerous advances made in their

design and understanding [12]—[21]. This chapter focuses on the role of optical fibers

as a communication channel in lightwave systems. In Section 2.1 we use geometrical-

optics description to explain the guiding mechanism and introduce the related basic

concepts. Maxwell’s equations are used in Section 2.2 to describe wave propagation

in optical fibers. The origin of fiber dispersion is discussed in Section 2.3, and Section

2.4 considers limitations on the bit rate and the transmission distance imposed by fiber

dispersion. The loss mechanisms in optical fibers are discussed in Section 2.5, and

Section 2.6 is devoted to a discussion of the nonlinear effects. The last section covers

manufacturing details and includes a discussion of the design of fiber cables.

2.1 Geometrical-Optics Description

In its simplest form an optical fiber consists of a cylindrical core of silica glass sur-

rounded by a cladding whose refractive index is lower than that of the core. Because of

an abrupt index change at the core-cladding interface, such fibers are called step-index

fibers. In a different type of fiber, known as graded-index fiber, the refractive index

decreases gradually inside the core. Figure 2.1 shows schematically the index profile

and the cross section for the two kinds of fibers. Considerable insight in the guiding

23
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Step-index fiber Graded-index fiber

Figure 2.1: Cross section and refractive-index profile for step-index and graded-index fibers.

properties of optical fibers can be gained by using a ray picture based on geometrical

optics [22]. The geometrical-optics description, although approximate, is valid when

the core radius a is much larger than the light wavelength A . When the two become

comparable, it is necessary to use the wave-propagation theory of Section 2.2.

2.1.1 Step-Index Fibers

Consider the geometry of Fig. 2.2, where a ray making an angle with the fiber axis

is incident at the core center. Because of refraction at the fiber-air interface, the ray

bends toward the normal. The angle G r of the refracted ray is given by [22]

/losing = n\ sin 0r ,
(2.1.1)

where n\ and no are the refractive indices of the fiber core and air, respectively. The re-

fracted ray hits the core-cladding interface and is refracted again. However, refraction

is possible only for an angle of incidence (p such that sin (p < n 2/n\. For angles larger

than a critical angle (pc ,
defined by [22]

sin(pc = ^2/^ 1 ,
(2.1.2)

where ^2 is the cladding index, the ray experiences total internal reflection at the core-

cladding interface. Since such reflections occur throughout the fiber length, all rays

with (p > (pc remain confined to the fiber core. This is the basic mechanism behind light

confinement in optical fibers.
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Figure 2.2: Light confinement through total internal reflection in step-index fibers. Rays for

which (p < (pc are refracted out of the core.

One can use Eqs. (2.1.1) and (2.1.2) to find the maximum angle that the incident

ray should make with the fiber axis to remain confined inside the core. Noting that

0r = n/2 — (pc for such a ray and substituting it in Eq. (2.1.1), we obtain

no sin Qi = n\ cos (pc = (^ — (2.1.3)

In analogy with lenses, no sin 0/ is known as the numerical aperture (NA) of the fiber.

It represents the light-gathering capacity of an optical fiber. For n
\
~ the NA can be

approximated by

NA = ni(2A)
1 /2

,
A= (m-n2)/ni, (2.1.4)

where A is the fractional index change at the core-cladding interface. Clearly, A should

be made as large as possible in order to couple maximum light into the fiber. How-
ever, such fibers are not useful for the purpose of optical communications because of a

phenomenon known as multipath dispersion or modal dispersion (the concept of fiber

modes is introduced in Section 2.2).

Multipath dispersion can be understood by referring to Fig. 2.2, where different

rays travel along paths of different lengths. As a result, these rays disperse in time at

the output end of the fiber even if they were coincident at the input end and traveled

at the same speed inside the fiber. A short pulse (called an impulse) would broaden

considerably as a result of different path lengths. One can estimate the extent of pulse

broadening simply by considering the shortest and longest ray paths. The shortest path

occurs for 0/ = 0 and is just equal to the fiber length L. The longest path occurs for 0/

given by Eq. (2.1.3) and has a length L/ sin (p c . By taking the velocity of propagation

v = c/n\, the time delay is given by

c c U2
(2.1.5)

The time delay between the two rays taking the shortest and longest paths is a measure

of broadening experienced by an impulse launched at the fiber input.

We can relate AT to the information-carrying capacity of the fiber measured through

the bit rate B. Although a precise relation between B and AT depends on many details,
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such as the pulse shape, it is clear intuitively that AT should be less than the allocated

bit slot (Tb = 1 /B). Thus, an order-of-magnitude estimate of the bit rate is obtained

from the condition BAT < 1. By using Eq. (2.1.5) we obtain

no cBL<~. (2.1.6)
n\ A

This condition provides a rough estimate of a fundamental limitation of step-index

fibers. As an illustration, consider an unclad glass fiber with n\ = 1.5 and ni = 1.

The bit rate-distance product of such a fiber is limited to quite small values since

BL < 0.4 (Mb/s)-km. Considerable improvement occurs for cladded fibers with a small

index step. Most fibers for communication applications are designed with A < 0.01.

As an example, BL < 100 (Mb/s)-km for A = 2 x 10
~ 3

. Such fibers can communicate

data at a bit rate of 10 Mb/s over distances up to 10 km and may be suitable for some

local-area networks.

Two remarks are in order concerning the validity of Eq. (2.1.6). First, it is obtained

by considering only rays that pass through the fiber axis after each total internal re-

flection. Such rays are called meridional rays. In general, the fiber also supports skew

rays , which travel at angles oblique to the fiber axis. Skew rays scatter out of the core at

bends and irregularities and are not expected to contribute significantly to Eq. (2.1.6).

Second, even the oblique meridional rays suffer higher losses than paraxial meridional

rays because of scattering. Equation (2.1.6) provides a conservative estimate since all

rays are treated equally. The effect of intermodal dispersion can be considerably re-

duced by using graded-index fibers, which are discussed in the next subsection. It can

be eliminated entirely by using the single-mode fibers discussed in Section 2.2.

2.1.2 Graded-index Fibers

The refractive index of the core in graded-index fibers is not constant but decreases

gradually from its maximum value n\ at the core center to its minimum value n2 at

the core-cladding interface. Most graded-index fibers are designed to have a nearly

quadratic decrease and are analyzed by using a-profile, given by

n(p)
n

\ [1 — A(p/a)“]; p < a,

«i(l — A) = «2 ; p > a,
(2.1.7)

where a is the core radius. The parameter a determines the index profile. A step-index

profile is approached in the limit of large a. A parabolic-indexfiber corresponds to

a = 2 .

It is easy to understand qualitatively why intermodal or multipath dispersion is re-

duced for graded-index fibers. Figure 2.3 shows schematically paths for three different

rays. Similar to the case of step-index fibers, the path is longer for more oblique rays.

However, the ray velocity changes along the path because of variations in the refractive

index. More specifically, the ray propagating along the fiber axis takes the shortest path

but travels most slowly as the index is largest along this path. Oblique rays have a large

part of their path in a medium of lower refractive index, where they travel faster. It is

therefore possible for all rays to arrive together at the fiber output by a suitable choice

of the refractive-index profile.
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n
i

->

Figure 2.3: Ray trajectories in a graded-index fiber.

Geometrical optics can be used to show that a parabolic-index profile leads to

nondispersive pulse propagation within the paraxial approximation. The trajectory

of a paraxial ray is obtained by solving [22]

d2
p 1 dn

dz2 n dp ’

(2.1.8)

where p is the radial distance of the ray from the axis. By using Eq. (2.1.7) for p <
a with a = 2, Eq. (2.1.8) reduces to an equation of harmonic oscillator and has the

general solution

P = Po cos(pz) + (Po/p) sin(pz)
,

(2. 1 .9)

where p = (2A/a 2
)

1 /2 and po and p'
0
are the position and the direction of the input

ray, respectively. Equation (2.1.9) shows that all rays recover their initial positions

and directions at distances z = 2mn/p, where m is an integer (see Fig. 2.3). Such a

complete restoration of the input implies that a parabolic-index fiber does not exhibit

intermodal dispersion.

The conclusion above holds only within the paraxial and the geometrical-optics ap-

proximations, both of which must be relaxed for practical fibers. Intermodal dispersion

in graded-index fibers has been studied extensively by using wave-propagation tech-

niques [13]—[15]. The quantity AT/L, where AT is the maximum multipath delay in

a fiber of length L, is found to vary considerably with a. Figure 2.4 shows this varia-

tion for n\ = 1 .5 and A = 0.01. The minimum dispersion occurs for a = 2( 1 — A) and

depends on A as [23]

AT/L=mA2
/Sc. (2.1.10)

The limiting bit rate-distance product is obtained by using the criterion AT < l/B and

is given by

BL < 8c/niA
2

. (2.1.11)

The right scale in Fig. 2.4 shows the BL product as a function of a. Graded-index fibers

with a suitably optimized index profile can communicate data at a bit rate of 100 Mb/s

over distances up to 100 km. The BL product of such fibers is improved by nearly

three orders of magnitude over that of step-index fibers. Indeed, the first generation
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Profile parameter, a

Figure 2.4: Variation of intermodal dispersion AT/L with the profile parameter a for a graded-

index fiber. The scale on the right shows the corresponding bit rate-distance product.

of lightwave systems used graded-index fibers. Further improvement is possible only

by using single-mode fibers whose core radius is comparable to the light wavelength.

Geometrical optics cannot be used for such fibers.

Although graded-index fibers are rarely used for long-haul links, the use of graded-

index plastic optical fibers for data-link applications has attracted considerable atten-

tion during the 1990s [24]—[29]. Such fibers have a relatively large core, resulting in

a high numerical aperture and high coupling efficiency but they exhibit high losses

(typically exceeding 50 dB/km). The BL product of plastic fibers, however, exceeds

2 (Gb/s)-km because of a graded-index profile [24]. As a result, they can be used to

transmit data at bit rates > 1 Gb/s over short distances of 1 km or less. In a 1996

demonstration, a 10-Gb/s signal was transmitted over 0.5 km with a bit-error rate of

less than 10“ 11
[26]. Graded-index plastic optical fibers provide an ideal solution for

transferring data among computers and are becoming increasingly important for Eth-

ernet applications requiring bit rates in excess of 1 Gb/s.

2.2 Wave Propagation

In this section we consider propagation of light in step-index fibers by using Maxwell’s

equations for electromagnetic waves. These equations are introduced in Section 2.2.1.

The concept of fiber modes is discussed in Section 2.2.2, where the fiber is shown to

support a finite number of guided modes. Section 2.2.3 focuses on how a step-index

fiber can be designed to support only a single mode and discusses the properties of

single-mode fibers.
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2.2.1 Maxwell’s Equations

Like all electromagnetic phenomena, propagation of optical fields in fibers is governed

by Maxwell’s equations. For a nonconducting medium without free charges, these

equations take the form [30] (in SI units; see Appendix A)

V x E = -dB/dt, (2.2.1)

VxH = dD/dt, (2.2.2)

V • D = 0, (2.2.3)

V • B = 0, (2.2.4)

where E and H are the electric and magnetic field vectors, respectively, and D and B
are the corresponding flux densities. The flux densities are related to the field vectors

by the constitutive relations [30]

D = £0E + P, (2.2.5)

B = /ioH + M, (2.2.6)

where £o is the vacuum permittivity, /lo is the vacuum permeability, and P and M are

the induced electric and magnetic polarizations, respectively. For optical fibers M = 0

because of the nonmagnetic nature of silica glass.

Evaluation of the electric polarization P requires a microscopic quantum-mechanical

approach. Although such an approach is essential when the optical frequency is near

a medium resonance, a phenomenological relation between P and E can be used far

from medium resonances. This is the case for optical fibers in the wavelength region

0.5-2 /im, a range that covers the low-loss region of optical fibers that is of interest

for fiber-optic communication systems. In general, the relation between P and E can

be nonlinear. Although the nonlinear effects in optical fibers are of considerable in-

terest [31] and are covered in Section 2.6, they can be ignored in a discussion of fiber

modes. P is then related to E by the relation

P(r,f) = £o /
z(r,f-f')E(r,f')df'. (2.2.7)

Linear susceptibility % is, in general, a second-rank tensor but reduces to a scalar for

an isotropic medium such as silica glass. Optical fibers become slightly birefringent

because of unintentional variations in the core shape or in local strain; such birefrin-

gent effects are considered in Section 2.2.3. Equation (2.2.7) assumes a spatially local

response. However, it includes the delayed nature of the temporal response, a feature

that has important implications for optical fiber communications through chromatic

dispersion.

Equations (2.2.1)-(2.2.7) provide a general formalism for studying wave propaga-

tion in optical fibers. In practice, it is convenient to use a single field variable E. By
taking the curl of Eq. (2.2.1) and using Eqs. (2.2.2), (2.2.5), and (2.2.6), we obtain the

wave equation

1 <9
2E ,9

2P
_/i°

~di
1.V x V x E =

c2 dt2
(2.2.8)
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where the speed of light in vacuum is defined as usual by c = (/io£o) ^2
- By introduc-

ing the Fourier transform of E(r,f) through the relation

E(r,m) E(r,r)exp (icot)dt, (2.2.9)

as well as a similar relation for P(r,f), and by using Eq. (2.2.7), Eq. (2.2.8) can be

written in the frequency domain as

VxVxE=-£(r,ffl)(ffl2
/c

2
)E, (2.2.10)

where the frequency-dependent dielectric constant is defined as

e(r,ffl) = l+£(r,fi)), (2.2.11)

and ^(r, c

o

)
is the Fourier transform of x(r,t). In general, e(r, (O

)
is complex. Its real

and imaginary parts are related to the refractive index n and the absorption coefficient

a by the definition

£ = (n + iac/lco)
2

. (2.2. 12)

By using Eqs. (2.2.1 1) and (2.2.12), n and a are related to % as

n=(l+Re*) 1 /2
,

(2.2.13)

a = {(o/nc) Imjf, (2.2.14)

where Re and Im stand for the real and imaginary parts, respectively. Both n and a
are frequency dependent. The frequency dependence of n is referred to as chromatic

dispersion or simply as material dispersion. In Section 2.3, fiber dispersion is shown

to limit the performance of fiber-optic communication systems in a fundamental way.

Two further simplifications can be made before solving Eq. (2.2.10). First, £ can

be taken to be real and replaced by n 2 because of low optical losses in silica fibers.

Second, since n( r, co) is independent of the spatial coordinate r in both the core and the

cladding of a step-index fiber, one can use the identity

VxVxE = V(V-E)-V2E=-V2
E, (2.2.15)

where we used Eq. (2.2.3) and the relation D = eE to set V • E = 0. This simplification

is made even for graded-index fibers. Equation (2.2.15) then holds approximately as

long as the index changes occur over a length scale much longer than the wavelength.

By using Eq. (2.2.15) in Eq. (2.2.10), we obtain

V2E+ n
2(®)^E = 0, (2.2.16)

where the free-space wave number ko is defined as

&0 = co/c= In/Ti, (2.2.17)

and A is the vacuum wavelength of the optical field oscillating at the frequency co.

Equation (2.2.16) is solved next to obtain the optical modes of step-index fibers.
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2.2.2 Fiber Modes

The concept of the mode is a general concept in optics occurring also, for example, in

the theory of lasers. An optical mode refers to a specific solution of the wave equation

(2.2.16) that satisfies the appropriate boundary conditions and has the property that its

spatial distribution does not change with propagation. The fiber modes can be classified

as guided modes, leaky modes, and radiation modes [14]. As one might expect, sig-

nal transmission in fiber-optic communication systems takes place through the guided

modes only. The following discussion focuses exclusively on the guided modes of a

step-index fiber.

To take advantage of the cylindrical symmetry, Eq. (2.2.16) is written in the cylin-

drical coordinates p , (j) ,
and z as

d 2E,

dp 2 +
1 dEz 1 d 2E

:

p dp
+
p

2
d(j)

2

d 2E,

-I
1

dz2
+ n2kQEz = 0

,
(2.2.18)

where for a step-index fiber of core radius a , the refractive index n is of the form

frti; P<a,
\ri2 ; p > a.

(2.2.19)

For simplicity of notation, the tilde over E has been dropped and the frequency de-

pendence of all variables is implicitly understood. Equation (2.2.18) is written for the

axial component Ez of the electric field vector. Similar equations can be written for the

other five components of E and H. However, it is not necessary to solve all six equa-

tions since only two components out of six are independent. It is customary to choose

Ez and Hz as the independent components and obtain Ep , Eq, Hp , and H

^

in terms of

them. Equation (2.2.18) is easily solved by using the method of separation of variables

and writing Ez as

Ez(p^,z)=F(p)^)Z(z). (2.2.20)

By using Eq. (2.2.20) in Eq. (2.2.18), we obtain the three ordinary differential equa-

tions:

d2F 1 dF

dp 2
p dp

d2Z/dz2 + P
2Z = 0,

d2<&/dp2 + m2
iD = 0,

2
'

m .

AT 1^ = 0.

(2.2.21)

(2.2.22)

(2.2.23)

Equation (2.2.21) has a solution of the form Z = exp(//3z), where /3 has the physical

significance of the propagation constant. Similarly, Eq. (2.2.22) has a solution O =
exp(/m0), but the constant m is restricted to take only integer values since the field

must be periodic in 0 with a period of 2k.

Equation (2.2.23) is the well-known differential equation satisfied by the Bessel

functions [32]. Its general solution in the core and cladding regions can be written as

F (n \ = /
AJm(pp) +A ,Ym (pp); p<a,

^ \CKm (qp) + C'Im(qp); p > a,
(2.2.24)
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where A, A', C

,

and C' are constants and Jm , Ym , Km , and Im are different kinds of Bessel

functions [32]. The parameters p and q are defined by

p
2 = n\k

2
0 -p

2
,

(2.2.25)

q
2 = p

2 -n2

2kl. (2.2.26)

Considerable simplification occurs when we use the boundary condition that the optical

field for a guided mode should be finite at p = 0 and decay to zero at p =«>. Since

Ym (pp )
has a singularity at p = 0, F(0) can remain finite only if A' = 0. Similarly

F(p) vanishes at infinity only if C' = 0. The general solution of Eq. (2.2.18) is thus of

the form

f AJm (pp )
exp (imcf)) exp

(

ij3

z

) ; p < a,

\ CFm (gp)exp(/m0)exp(//3z); p > a.
(2.2.27)

The same method can be used to obtain Hz which also satisfies Eq. (2.2.18). Indeed,

the solution is the same but with different constants B and D, that is,

f BJm {pp )
exp(im0

)
exp

(

if) z) ; p < a,

(DFm (^p)exp(/rn^)exp(//3z); p > a.
(2.2.28)

The other four components Ep , Eq, Hp , and can be expressed in terms ofEz and //z

by using Maxwell’s equations. In the core region, we obtain

i

PqCO

'

a dEz

v
dp

'pdEz

vP W

v
Op

'PMz
vP 50

0) dH7

P d(j)

dHz

— Son

dP j

CO dE7

p d(j)

+ Conoco
dEz

dp

(2.2.29)

(2.2.30)

(2.2.31)

(2.2.32)

These equations can be used in the cladding region after replacing p
2 by —q

2
.

Equations (2.2.27)-(2.2.32) express the electromagnetic field in the core and clad-

ding regions of an optical fiber in terms of four constants A, B, C, and D. These

constants are determined by applying the boundary condition that the tangential com-

ponents of E and H be continuous across the core-cladding interface. By requiring

the continuity of Ez , Hz , Eq, and Hq at p = a, we obtain a set of four homogeneous

equations satisfied by A, B, C, and D [19]. These equations have a nontrivial solution

only if the determinant of the coefficient matrix vanishes. After considerable algebraic

details, this condition leads us to the following eigenvalue equation [19]—[21]:

’

J'm(pa) Kln(qa)
'

'

J'm(Pa
)

!

n2 K'm{<ia)
’

pjm(pa) ' qKm (qa)_ pJm(pa)
n\qKm {qa)

(2.2.33)
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where a prime indicates differentiation with respect to the argument.

For a given set of the parameters ko , a, n\, and n,2 , the eigenvalue equation (2.2.33)

can be solved numerically to determine the propagation constant /3. In general, it

may have multiple solutions for each integer value of m. It is customary to enumerate

these solutions in descending numerical order and denote them by /3 mn for a given m
(n= 1,2, ). Each value fimn corresponds to one possible mode of propagation of the

optical field whose spatial distribution is obtained from Eqs. (2.2.27)-(2.2.32). Since

the field distribution does not change with propagation except for a phase factor and sat-

isfies all boundary conditions, it is an optical mode of the fiber. In general, both E z and

Hz are nonzero (except for m = 0), in contrast with the planar waveguides, for which

one of them can be taken to be zero. Fiber modes are therefore referred to as hybrid

modes and are denoted by HEmn or EHm„, depending on whether Hz or Ez dominates.

In the special case m = 0, HEo,7
and EHo« are also denoted by TEon and TMon , respec-

tively, since they correspond to transverse-electric (Ez = 0) and transverse-magnetic

(Hz = 0) modes of propagation. A different notation LP m„ is sometimes used for

weakly guiding fibers [33] for which both Ez and Hz are nearly zero (LP stands for

linearly polarized modes).

A mode is uniquely determined by its propagation constant /3 . It is useful to in-

troduce a quantity n = /3/&o, called the mode index or effective index and having the

physical significance that each fiber mode propagates with an effective refractive in-

dex h whose value lies in the range n\ > h > n-i- A mode ceases to be guided when

h<n2 . This can be understood by noting that the optical field of guided modes decays

exponentially inside the cladding layer since [32]

Km (qp) = (7t/2qp)
l /2 exp(-qp) for qp > 1. (2.2.34)

When h < ^2 , q
2 < 0 from Eq. (2.2.26) and the exponential decay does not occur. The

mode is said to reach cutoff when q becomes zero or when h = n 2 . From Eq. (2.2.25),

p = ko(n
2 — n2

)

1 /2 when q = 0. A parameter that plays an important role in determining

the cutoffcondition is defined as

v = koa(n j - nl)
x !2 w (2n/X )an j V2A. (2.2.35)

It is called the normalized frequency (V co) or simply the V parameter. It is also

useful to introduce a normalized propagation constant b as

P/ko-n2 _ n-n2

n\—n2 n\—n2
(2.2.36)

Figure 2.5 shows a plot of b as a function of V for a few low-order fiber modes obtained

by solving the eigenvalue equation (2.2.33). A fiber with a large value of V supports

many modes. A rough estimate of the number of modes for such a multimode fiber

is given by V 2
/

2

[23]. For example, a typical multimode fiber with a = 25 pm and

A = 5 x 10 3 has V ~ 18atA = 1.3 pm and would support about 162 modes. However,

the number of modes decreases rapidly as V is reduced. As seen in Fig. 2.5, a fiber with

V = 5 supports seven modes. Below a certain value of V all modes except the HE
1

1

mode reach cutoff. Such fibers support a single mode and are called single-mode fibers.

The properties of single-mode fibers are described next.
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Figure 2.5: Normalized propagation constant b as a function of normalized frequency V for a

few low-order fiber modes. The right scale shows the mode index h. (After Ref. [34]; ©1981
Academic Press; reprinted with permission.)

2.2.3 Single-Mode Fibers

Single-mode fibers support only the HE
1

1

mode, also known as the fundamental mode

of the fiber. The fiber is designed such that all higher-order modes are cut off at the

operating wavelength. As seen in Fig. 2.5, the V parameter determines the number of

modes supported by a fiber. The cutoff condition of various modes is also determined

by V . The fundamental mode has no cutoff and is always supported by a fiber.

Single-Mode Condition

The single-mode condition is determined by the value of V at which the TE oi and TMqi
modes reach cutoff (see Fig. 2.5). The eigenvalue equations for these two modes can

be obtained by setting m — 0 in Eq. (2.2.33) and are given by

pJo(pa)Kl) (qo) + qj'
0(pa)Ko(qa) = 0, (2.2.37)

Pn2Jo{Pa)Kb{qa ) + qn\j'0 (pa)Ko(qa) =0. (2.2.38)

A mode reaches cutoff when q = 0. Since pa = V when q = 0, the cutoff condition for

both modes is simply given by Jq(V) = 0. The smallest value of V for which 7q(^) — 0

is 2.405. A fiber designed such that V < 2.405 supports only the fundamental HE n
mode. This is the single-mode condition.
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We can use Eq. (2.2.35) to estimate the core radius of single-mode fibers used

in lightwave systems. For the operating wavelength range 1.3-1.6 gm, the fiber is

generally designed to become single mode for A > 1.2 /im. By taking A = 1.2 /im,

n\ = 1.45, and A = 5 x 10
-3

, Eq. (2.2.35) shows that V < 2.405 for a core radius

a < 3.2 jUm. The required core radius can be increased to about 4 /im by decreasing A
to 3 x 10

-3
. Indeed, most telecommunication fibers are designed with a ~ 4 /im.

The mode index at the operating wavelength can be obtained by using Eq. (2.2.36),

according to which

n = ri2 + b(n\ — n.2 ) ~ ^2(1 + ^A) (2.2.39)

and by using Fig. 2.5, which provides b as a function of V for the HE n mode. An
analytic approximation for Z? is [15]

b(V) « (1.1428- 0.9960/V)
2

(2.2.40)

and is accurate to within 0.2% for V in the range 1.5-2.5.

The field distribution of the fundamental mode is obtained by using Eqs. (2.2.27)-

(2.2.32). The axial components Ez and Hz are quite small for A <C 1. Hence, the HEn
mode is approximately linearly polarized for weakly guiding fibers. It is also denoted

as LPqi, following an alternative terminology in which all fiber modes are assumed to

be linearly polarized [33]. One of the transverse components can be taken as zero for

a linearly polarized mode. If we set Ey = 0, the Ex component of the electric field for

the HE ii mode is given by [15]

p p ( iMPP)/Mpa)] eMiPz) ; P <a,
° 1 l

Ko(qp)/Ko(qa)\ exp(//3z); p > a,
(2.2.41)

where Eq is a constant related to the power carried by the mode. The dominant com-

ponent of the corresponding magnetic field is given by Hy = ^2 (^0/Mo)
1 ^2EX . This

mode is linearly polarized along the x axis. The same fiber supports another mode lin-

early polarized along the y axis. In this sense a single-mode fiber actually supports two

orthogonally polarized modes that are degenerate and have the same mode index.

Fiber Birefringence

The degenerate nature of the orthogonally polarized modes holds only for an ideal

single-mode fiber with a perfectly cylindrical core of uniform diameter. Real fibers

exhibit considerable variation in the shape of their core along the fiber length. They

may also experience nonuniform stress such that the cylindrical symmetry of the fiber

is broken. Degeneracy between the orthogonally polarized fiber modes is removed

because of these factors, and the fiber acquires birefringence. The degree of modal

birefringence is defined by

Bm = \nx -hy \, (2.2.42)

where nx and hy are the mode indices for the orthogonally polarized fiber modes. Bire-

fringence leads to a periodic power exchange between the two polarization compo-

nents. The period, referred to as the beat length , is given by

Lb = X/Bm . (2.2.43)
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Figure 2.6: State of polarization in a birefringent fiber over one beat length. Input beam is

linearly polarized at 45° with respect to the slow and fast axes.

Typically, Bm ~ 10
-7

, and Lg ~ 10 m for A ~
1 jum. From a physical viewpoint,

linearly polarized light remains linearly polarized only when it is polarized along one

of the principal axes. Otherwise, its state of polarization changes along the fiber length

from linear to elliptical, and then back to linear, in a periodic manner over the length

Lg. Figure 2.6 shows schematically such a periodic change in the state of polarization

for a fiber of constant birefringence B. The fast axis in this figure corresponds to the

axis along which the mode index is smaller. The other axis is called the slow axis.

In conventional single-mode fibers, birefringence is not constant along the fiber but

changes randomly, both in magnitude and direction, because of variations in the core

shape (elliptical rather than circular) and the anisotropic stress acting on the core. As

a result, light launched into the fiber with linear polarization quickly reaches a state

of arbitrary polarization. Moreover, different frequency components of a pulse acquire

different polarization states, resulting in pulse broadening. This phenomenon is called

polarization-mode dispersion (PMD) and becomes a limiting factor for optical com-

munication systems operating at high bit rates. It is possible to make fibers for which

random fluctuations in the core shape and size are not the governing factor in determin-

ing the state of polarization. Such fibers are called polarization-maintaining fibers. A
large amount of birefringence is introduced intentionally in these fibers through design

modifications so that small random birefringence fluctuations do not affect the light

polarization significantly. Typically, Bm ~ 10
-4

for such fibers.

Spot Size

Since the field distribution given by Eq. (2.2.41) is cumbersome to use in practice, it is

often approximated by a Gaussian distribution of the form

Ex = Aexp(—p
2/w2

)exp(ipz), (2.2.44)

where w is the field radius and is referred to as the spot size. It is determined by fitting

the exact distribution to the Gaussian function or by following a variational proce-

dure [35]. Figure 2.7 shows the dependence of w/a on the V parameter. A comparison
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Figure 2.7: (a) Normalized spot size w/aasa function of the V parameter obtained by fitting the

fundamental fiber mode to a Gaussian distribution; (b) quality of fit for V = 2.4. (After Ref. [35];

©1978 OSA; reprinted with permission.)

of the actual field distribution with the fitted Gaussian is also shown for V = 2.4. The

quality of fit is generally quite good for values of V in the neighborhood of 2. The spot

size w can be determined from Fig. 2.7. It can also be determined from an analytic

approximation accurate to within 1% for 1.2 < V < 2.4 and given by [35]

xv/a « 0.65 + 1 .619V"3/2 + 2.879V"6
. (2.2.45)

The effective core area, defined as A eff = nxv2 , is an important parameter for optical

fibers as it determines how tightly light is confined to the core. It will be seen later that

the nonlinear effects are stronger in fibers with smaller values ofA eff

.

The fraction of the power contained in the core can be obtained by using Eq.

(2.2.44) and is given by the confinementfactor

Pcore _ So \Ex
\

2pdp

/’total

~~
Jo\Ex \

2pdp
1 — exp (2.2.46)

Equations (2.2.45) and (2.2.46) determine the fraction of the mode power contained

inside the core for a given value of V. Although nearly 75% of the mode power resides

in the core for V = 2, this percentage drops down to 20% for V = 1 . For this reason most

telecommunication single-mode fibers are designed to operate in the range 2 < V <2.4.

2.3 Dispersion in Single-Mode Fibers

It was seen in Section 2.1 that intermodal dispersion in multimode fibers leads to con-

siderable broadening of short optical pulses (~ 10 ns/km). In the geometrical-optics
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description, such broadening was attributed to different paths followed by different

rays. In the modal description it is related to the different mode indices (or group ve-

locities) associated with different modes. The main advantage of single-mode fibers

is that intermodal dispersion is absent simply because the energy of the injected pulse

is transported by a single mode. However, pulse broadening does not disappear al-

together. The group velocity associated with the fundamental mode is frequency de-

pendent because of chromatic dispersion. As a result, different spectral components

of the pulse travel at slightly different group velocities, a phenomenon referred to as

group-velocity dispersion (GVD), intramodal dispersion , or simply fiber dispersion.

Intramodal dispersion has two contributions, material dispersion and waveguide dis-

persion. We consider both of them and discuss how GVD limits the performance of

lightwave systems employing single-mode fibers.

2.3.1 Group-Velocity Dispersion

Consider a single-mode fiber of length L. A specific spectral component at the fre-

quency co would arrive at the output end of the fiber after a time delay T = L/v g , where

vg is the group velocity , defined as [22]

vg = {dP/d(o)-\ (2.3.1)

By using /3 = nk$ = hco/c in Eq. (2.3.1), one can show that vg = c/ng , where fig is the

group index given by

ng = n-\- co(dh/dco)

.

(2.3.2)

The frequency dependence of the group velocity leads to pulse broadening simply be-

cause different spectral components of the pulse disperse during propagation and do

not arrive simultaneously at the fiber output. If Aco is the spectral width of the pulse,

the extent of pulse broadening for a fiber of length L is governed by

AT =
dT

dco
Aco =

d

dco
Aco = L

d2
/5

dco2
Aco = LfcAco, (2.3.3)

where Eq. (2.3.1) was used. The parameter p 2 = d2
/5/dco

2
is known as the GVD

parameter. It determines how much an optical pulse would broaden on propagation

inside the fiber.

In some optical communication systems, the frequency spread Ao) is determined

by the range of wavelengths AA emitted by the optical source. It is customary to use

AA in place of Ao). By using co = Inc/X and Aco = (—2/rc/A 2)AA, Eq. (2.3.3) can be

written as

AT = 4r (~

)

AA = DLAA
,

(2.3.4)
dX \vg )

where
2kcu ft.

D is called the dispersion parameter and is expressed in units of ps/(km-nm).

(2.3.5)
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The effect of dispersion on the bit rate B can be estimated by using the criterion

BAT < 1 in a manner similar to that used in Section 2.1. By using AT from Eq. (2.3.4)

this condition becomes

BL\D\AX < 1. (2.3.6)

Equation (2.3.6) provides an order-of-magnitude estimate of the BL product offered

by single-mode fibers. The wavelength dependence of D is studied in the next two

subsections. For standard silica fibers, D is relatively small in the wavelength region

near 1.3 pm [D ~ 1 ps/(km-nm)]. For a semiconductor laser, the spectral width AA is

2-4 nm even when the laser operates in several longitudinal modes. The BL product

of such lightwave systems can exceed 100 (Gb/s)-km. Indeed, 1.3-jUm telecommu-

nication systems typically operate at a bit rate of 2 Gb/s with a repeater spacing of

40-50 km. The BL product of single-mode fibers can exceed 1 (Tb/s)-km when single-

mode semiconductor lasers (see Section 3.3) are used to reduce AA below 1 nm.

The dispersion parameter D can vary considerably when the operating wavelength

is shifted from 1.3 gm. The wavelength dependence ofD is governed by the frequency

dependence of the mode index n. From Eq. (2.3.5), D can be written as

2nc d

A 2 dco

In

A 2
-\-co

d2n

dco 2
(2.3.7)

where Eq. (2.3.2) was used. If we substitute n from Eq. (2.2.39) and use Eq. (2.2.35),

D can be written as the sum of two terms,

D = Dm + Dw, (2.3.8)

where the material dispersion Dm and the waveguide dispersion Dw are given by

Dm

Dw

2k dn2g 1 dn2g

A 2 dco c dX

InA n\
g Vd2 (Vb) dn2g d(Vb)

A 2 n2 CO dV2 ^ dco dV

(2.3.9)

(2.3.10)

Here n2g is the group index of the cladding material and the parameters V and b are

given by Eqs. (2.2.35) and (2.2.36), respectively. In obtaining Eqs. (2.3.8)-(2.3.10)

the parameter A was assumed to be frequency independent. A third term known as

differential material dispersion should be added to Eq. (2.3.8) when dA/dco ^ 0. Its

contribution is, however, negligible in practice.

2.3.2 Material Dispersion

Material dispersion occurs because the refractive index of silica, the material used for

fiber fabrication, changes with the optical frequency co. On a fundamental level, the

origin of material dispersion is related to the characteristic resonance frequencies at

which the material absorbs the electromagnetic radiation. Far from the medium reso-

nances, the refractive index n(co) is well approximated by the Sellmeier equation [36]

M
n
2
(co) = l + £

7=1

bjEl
CO

2 -co2 '
(2.3.11)
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WAVELENGTH (fim)

Figure 2.8: Variation of refractive index n and group index ng with wavelength for fused silica.

where C0
j

is the resonance frequency and B
j

is the oscillator strength. Here n stands for

n\ or n2 , depending on whether the dispersive properties of the core or the cladding are

considered. The sum in Eq. (2.3.1 1) extends over all material resonances that contribute

in the frequency range of interest. In the case of optical fibers, the parameters Bj and

C0
j
are obtained empirically by fitting the measured dispersion curves to Eq. (2.3.11)

withM = 3. They depend on the amount of dopants and have been tabulated for several

kinds of fibers [12]. For pure silica these parameters are found to be B
i
= 0.6961663,

B2 = 0.4079426, B 3
= 0.8974794, X x = 0.0684043 jum, A2 = 0. 1 162414 p.m, and A3 =

9.896161 p m, where Ay = 2kc/coj with j = 1-3 [36]. The group index n g = n-\-

co{dn/dco) can be obtained by using these parameter values.

Figure 2.8 shows the wavelength dependence of n and n g in the range 0.5-1.6 gm
for fused silica. Material dispersion Dm is related to the slope of ng by the relation

Dm — c~ l (dng/dX) [Eq. (2.3.9)]. It turns out that dn g/dX = 0 at A = 1.276 gm. This

wavelength is referred to as the zero-dispersion wavelength Azd, since Dm = 0 at A =
Azd- The dispersion parameter Dm is negative below Azd and becomes positive above

that. In the wavelength range 1.25-1.66 pm it can be approximated by an empirical

relation

Dm ~ 122(1 — AZdM)- (2.3.12)

It should be stressed that Azd = 1.276 jum only for pure silica. It can vary in the

range 1.27-1.29 pm for optical fibers whose core and cladding are doped to vary the

refractive index. The zero-dispersion wavelength of optical fibers also depends on the

core radius a and the index step A through the waveguide contribution to the total

dispersion.



2.3. DISPERSION IN SINGLE-MODE FIBERS 41

0 12 3

Normalized frequency V

Figure 2.9: Variation of b and its derivatives d(Vb)/dV and V[d2 (Vb)/dV 2
]
with the V param-

eter. (After Ref. [33]; ©1971 OSA; reprinted with permission.)

2.3.3 Waveguide Dispersion

The contribution of waveguide dispersion Dw to the dispersion parameter D is given

by Eq. (2.3.10) and depends on the V parameter of the fiber. Figure 2.9 shows how

d(yb)/dV and Vd2(Vb)/dV2 change with V. Since both derivatives are positive, Dw
is negative in the entire wavelength range 0-1.6 fim. On the other hand, Dm is negative

for wavelengths below Azd and becomes positive above that. Figure 2.10 shows Dm ,

Dw ,
and their sum D = Dm + Dw, for a typical single-mode fiber. The main effect of

waveguide dispersion is to shift Azd by an amount 30-40 nm so that the total dispersion

is zero near 1.31 pm. It also reduces D from its material value Dm in the wavelength

range 1.3-1.6 pm that is of interest for optical communication systems. Typical values

of D are in the range 15-18 ps/(km-nm) near 1.55 gm. This wavelength region is of

considerable interest for lightwave systems, since, as discussed in Section 2.5, the fiber

loss is minimum near 1.55 pm. High values of D limit the performance of 1.55-jUm

lightwave systems.

Since the waveguide contribution Dw depends on fiber parameters such as the core

radius a and the index difference A, it is possible to design the fiber such that Azd
is shifted into the vicinity of F55 pm [37], [38]. Such fibers are called dispersion-

shifted fibers. It is also possible to tailor the waveguide contribution such that the

total dispersion D is relatively small over a wide wavelength range extending from

1.3 to 1.6 pm [39]—[4 1] . Such fibers are called dispersion-flattened fibers. Figure

2.1 1 shows typical examples of the wavelength dependence ofD for standard (conven-

tional), dispersion-shifted, and dispersion-flattened fibers. The design of dispersion-
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Figure 2.10: Total dispersion D and relative contributions of material dispersion Dm and wave-

guide dispersion Dw for a conventional single-mode fiber. The zero-dispersion wavelength shifts

to a higher value because of the waveguide contribution.

modified fibers involves the use of multiple cladding layers and a tailoring of the

refractive-index profile [37]—[43]. Waveguide dispersion can be used to produce disper-

sion-decreasing fibers in which GVD decreases along the fiber length because of ax-

ial variations in the core radius. In another kind of fibers, known as the dispersion-

compensating fibers, GVD is made normal and has a relatively large magnitude. Ta-

ble 2. 1 lists the dispersion characteristics of several commercially available fibers.

2.3.4 Higher-Order Dispersion

It appears from Eq. (2.3.6) that the BL product of a single-mode fiber can be increased

indefinitely by operating at the zero-dispersion wavelength Azd where D = 0. The

dispersive effects, however, do not disappear completely at A = Azd- Optical pulses

still experience broadening because of higher-order dispersive effects. This feature

can be understood by noting that D cannot be made zero at all wavelengths contained

within the pulse spectrum centered at Azd- Clearly, the wavelength dependence of D
will play a role in pulse broadening. Higher-order dispersive effects are governed by the

dispersion slope S = dD/dX. The parameter S is also called a differential-dispersion

parameter. By using Eq. (2.3.5) it can be written as

S= (2^c/A 2
)

2
j33 + (4^c/A 3

)j32 ,
(2.3.13)

where ft = dfo/dco = d3
/3 /dco

3
is the third-order dispersion parameter. At A = Azd,

ft = 0, and S is proportional to ft.

The numerical value of the dispersion slope S plays an important role in the design

of modernWDM systems. Since S' > 0 for most fibers, different channels have slightly
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Figure 2.11: Typical wavelength dependence of the dispersion parameter D for standard,

dispersion-shifted, and dispersion-flattened fibers.

different GVD values. This feature makes it difficult to compensate dispersion for all

channels simultaneously. To solve this problem, new kind of fibers have been devel-

oped for which S is either small (reduced-slope fibers) or negative (reverse-dispersion

fibers). Table 2.1 lists the values of dispersion slopes for several commercially avail-

able fibers.

It may appear from Eq. (2.3.6) that the limiting bit rate of a channel operating at

A = Azd will be infinitely large. However, this is not the case since S or pi, becomes

the limiting factor in that case. We can estimate the limiting bit rate by noting that

for a source of spectral width AA , the effective value of dispersion parameter becomes

D = SAX . The limiting bit rate-distance product can now be obtained by using Eq.

(2.3.6) with this value of D. The resulting condition becomes

BL\S\(A?i)
2 < 1. (2.3.14)

For a multimode semiconductor laser with AA = 2 nm and a dispersion-shifted fiber

with S = 0.05 ps/(km-nm 2
) at A = 1.55 gm, the BL product approaches 5 (Tb/s)-km.

Further improvement is possible by using single-mode semiconductor lasers.

2.3.5 Polarization-Mode Dispersion

A potential source of pulse broadening is related to fiber birefringence. As discussed

in Section 2.2.3, small departures from perfect cylindrical symmetry lead to birefrin-

gence because of different mode indices associated with the orthogonally polarized

components of the fundamental fiber mode. If the input pulse excites both polariza-

tion components, it becomes broader as the two components disperse along the fiber
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Table 2.1 Characteristics of several commercial fibers

Fiber Type and •A eff ^ZD D (C band) Slope S

Trade Name (Mm2
) (nm) [ps/(km-nm)] [ps/(km-nm 2

)]

Corning SMF-28 80 1302-1322 16 to 19 0.090

Lucent AllWave 80 1300-1322 17 to 20 0.088

Alcatel ColorLock 80 1300-1320 16 to 19 0.090

Corning Vascade 101 1300-1310 18 to 20 0.060

Lucent TrueWave-RS 50 1470-1490 2.6 to 6 0.050

Corning LEAF 72 1490-1500 2 to 6 0.060

Lucent TrueWave-XL 72 1570-1580 -1.4 to -4.6 0.112

Alcatel TeraLight 65 1440-1450 5.5 to 10 0.058

because of their different group velocities. This phenomenon is called the PMD and

has been studied extensively because it limits the performance of modern lightwave

systems [44]—[55].

In fibers with constant birefringence (e.g., polarization-maintaining fibers), pulse

broadening can be estimated from the time delay AT between the two polarization

components during propagation of the pulse. For a fiber of length L, AT is given by

AT =
L L

VgX Vgy
= L|^-/3i

}
,|==L(A/3 1 ), (2.3.15)

where the subscripts x and y identify the two orthogonally polarized modes and A/3
1
is

related to the difference in group velocities along the two principal states of polariza-

tion [44]. Equation (2.3.1) was used to relate the group velocity vg to the propagation

constant /3. Similar to the case of intermodal dispersion discussed in Section 2.1.1,

the quantity AT/L is a measure of PMD. For polarization-maintaining fibers, AT/L is

quite large (~ 1 ns/km) when the two components are equally excited at the fiber input

but can be reduced to zero by launching light along one of the principal axes.

The situation is somewhat different for conventional fibers in which birefringence

varies along the fiber in a random fashion. It is intuitively clear that the polarization

state of light propagating in fibers with randomly varying birefringence will generally

be elliptical and would change randomly along the fiber during propagation. In the

case of optical pulses, the polarization state will also be different for different spectral

components of the pulse. The final polarization state is not of concern for most light-

wave systems as photodetectors used inside optical receivers are insensitive to the state

of polarization unless a coherent detection scheme is employed. What affects such

systems is not the random polarization state but pulse broadening induced by random

changes in the birefringence. This is referred to as PMD-induced pulse broadening.

The analytical treatment of PMD is quite complex in general because of its statis-

tical nature. A simple model divides the fiber into a large number of segments. Both

the degree of birefringence and the orientation of the principal axes remain constant

in each section but change randomly from section to section. In effect, each fiber sec-

tion can be treated as a phase plate using a Jones matrix [44]. Propagation of each
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frequency component associated with an optical pulse through the entire fiber length is

then governed by a composite Jones matrix obtained by multiplying individual Jones

matrices for each fiber section. The composite Jones matrix shows that two principal

states of polarization exist for any fiber such that, when a pulse is polarized along them,

the polarization state at fiber output is frequency independent to first order, in spite of

random changes in fiber birefringence. These states are analogous to the slow and fast

axes associated with polarization-maintaining fibers. An optical pulse not polarized

along these two principal states splits into two parts which travel at different speeds.

The differential group delay AT is largest for the two principal states of polarization.

The principal states of polarization provide a convenient basis for calculating the

moments of AT. The PMD-induced pulse broadening is characterized by the root-

mean-square (RMS) value of AT, obtained after averaging over random birefringence

changes. Several approaches have been used to calculate this average. The variance

Gj = ((AT)2
)
turns out to be the same in all cases and is given by [46]

Of{z) =2(Aj3 1 )

2
/c

2
[exp(-z//c)+z//f

-
1], (2.3.16)

where lc is the correlation length defined as the length over which two polarization

components remain correlated; its value can vary over a wide range from 1 m to 1 km
for different fibers, typical values being ~ 10 m.

For short distances such that z /c , Or = (A/3i)z from Eq. (2.3.16), as expected

for a polarization-maintaining fiber. For distances z > 1 km, a good estimate of pulse

broadening is obtained using z >> / c . For a fiber of length L, Gj in this approximation

becomes

Or « = Dp \fL, (2.3.17)

where Dp is the PMD parameter. Measured values ofDp vary from fiber to fiber in the

range Dp = 0.01-10 ps/VKm. Fibers installed during the 1980s have relatively large

PMD such that Dp > 0.1 ps/ykm. In contrast, modern fibers are designed to have low

PMD, and typically Dp <0.1 ps/vlcm for them. Because of the \fL dependence, PMD-
induced pulse broadening is relatively small compared with the GVD effects. Indeed,

Gj ~ 1 ps for fiber lengths ~100 km and can be ignored for pulse widths >10 ps.

However, PMD becomes a limiting factor for lightwave systems designed to operate

over long distances at high bit rates [48]—[55]. Several schemes have been developed

for compensating the PMD effects (see Section 7.9).

Several other factors need to be considered in practice. The derivation of Eq.

(2.3.16) assumes that the fiber link has no elements exhibiting polarization-dependent

loss or gain. The presence of polarization-dependent losses can induce additional

broadening [50]. Also, the effects of second and higher-order PMD become impor-

tant at high bit rates (40 Gb/s or more) or for systems in which the first-order effects

are eliminated using a PMD compensator [54].

2.4 Dispersion-Induced Limitations

The discussion of pulse broadening in Section 2.3.1 is based on an intuitive phe-

nomenological approach. It provides a first-order estimate for pulses whose spectral
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width is dominated by the spectrum of the optical source. In general, the extent of

pulse broadening depends on the width and the shape of input pulses [56]. In this

section we discuss pulse broadening by using the wave equation (2.2.16).

2.4.1 Basic Propagation Equation

The analysis of fiber modes in Section 2.2.2 showed that each frequency component of

the optical field propagates in a single-mode fiber as

E(r, co) = xF(x,y)B(0, co)cxp(ipz), (2.4.1)

where x is the polarization unit vector, 5(0, 0)) is the initial amplitude, and p is the

propagation constant. The field distribution F(x,y
)
of the fundamental fiber mode can

be approximated by the Gaussian distribution given in Eq. (2.2.44). In general, F{x,y)

also depends on co
,
but this dependence can be ignored for pulses whose spectral width

Ao) is much smaller than coo—a condition satisfied by pulses used in lightwave systems.

Here coo is the frequency at which the pulse spectrum is centered; it is referred to as the

carrier frequency.

Different spectral components of an optical pulse propagate inside the fiber accord-

ing to the simple relation

5(z,0)) = 5(0,O))exp(//3z). (2.4.2)

The amplitude in the time domain is obtained by taking the inverse Fourier transform

and is given by
1 r°° ~

B(z,t) = — / 5(z,0))exp(— icot)dco. (2.4.3)
2k J-oo

The initial spectral amplitude 5(0, 0)) is just the Fourier transform of the input ampli-

tude 5(0,£).

Pulse broadening results from the frequency dependence of /3 . For pulses for which

Ao) <C coo, it is useful to expand p(co) in a Taylor series around the carrier frequency

O)o and retain terms up to third order. In this quasi-monochromatic approximation,

J3 (©) = n(co) - « A, + ft (A®) + h- (A®) 2 +h (A®) 3
,

(2.4.4)
c 2 6

where Aco = co — coo and pm = (dmp /dco
m
)co=(oo- From Eq. (2.3.1) Pi = l/vg , where

vg is the group velocity. The GVD coefficient ft 2 is related to the dispersion parameter

D by Eq. (2.3.5), whereas pi is related to the dispersion slope S through Eq. (2.3.13).

We substitute Eqs. (2.4.2) and (2.4.4) in Eq. (2.4.3) and introduce a slowly varying

amplitude A(z,t) of the pulse envelope as

5(z,r) =A(z,t)exp[i(Poz-G)ot)].

The amplitude A{z,t) is found to be given by

A(z,0

x exp

d(Ao))A(0,Ao))

ifiizAco + ^j32z(Aft>)
2 + ~7 03z(A&))

3

2 o
i(Aco)t

,

(2.4.5)

(2.4.6)
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where A(0,Am) = B(0, co) is the Fourier transform ofA(0,f).

By calculating dA/dz and noting that Aco is replaced by i(dA/dt) in the time do-

main, Eq. (2.4.6) can be written as [31]

dA dA ip2 d 2A j33 d 3A

dz
+ 1

dt 2 dt2 6 <9^
3

(2.4.7)

This is the basic propagation equation that governs pulse evolution inside a single-mode

fiber. In the absence of dispersion (p 2 = ft = 0), the optical pulse propagates without

change in its shape such that A(z, t) = A(0,t — (5 \z) • Transforming to a reference frame

moving with the pulse and introducing the new coordinates

t' = t — Piz and z' = z, (2.4.8)

the pi term can be eliminated in Eq. (2.4.7) to yield

dA ip2 d 2A pi, d 2A

2 dt'2 6 dt'2dz'
+ = 0 . (2.4.9)

For simplicity of notation, we drop the primes over z' and t' in this and the following

chapters whenever no confusion is likely to arise.

2.4.2 Chirped Gaussian Pulses

As a simple application of Eq. (2.4.9), let us consider the propagation of chirped Gaus-

sian pulses inside optical fibers by choosing the initial field as

A(0,f) = Aoexp (2.4.10)

where Ao is the peak amplitude. The parameter To represents the half-width at 1 je

intensity point. It is related to the full-width at half-maximum (FWHM) of the pulse

by the relation

7FWHM = 2(ln2)
1 /27b« 1.6657b. (2.4.11)

The parameter C governs the frequency chirp imposed on the pulse. A pulse is said to

be chirped if its carrier frequency changes with time. The frequency change is related

to the phase derivative and is given by

8a>(t) = -^ = jT
t, (2.4.12)

where
(f)

is the phase of A(0,f). The time-dependent frequency shift S co is called the

chirp. The spectrum of a chirped pulse is broader than that of the unchirped pulse. This

can be seen by taking the Fourier transform of Eq. (2.4.10) so that

2kT%
n

1 + /C

1/2

exp
0)2To 1

[ 2(1 + iC)\
A(0,m) = A0 (2.4.13)
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The spectral half-width (at l/e intensity point) is given by

Afflo = (l + C2
)

1/2r0
-1

. (2.4.14)

In the absence of frequency chirp (C = 0), the spectral width satisfies the relation

AcqqTq = 1. Such a pulse has the narrowest spectrum and is called transform-limited.

The spectral width is enhanced by a factor of ( 1 +C 2
)

1//2
in the presence of linear chirp,

as seen in Eq. (2.4.14).

The pulse-propagation equation (2.4.9) can be easily solved in the Fourier domain.

Its solution is [see Eq. (2.4.6)]

A(z,t) = [ A(0,m)exp
f /52zcd

2
+ fazed

3 — icot) dco, (2.4.15)
2k J-oo V 2 6 J

where A(0, co) is given by Eq. (2.4.13) for the Gaussian input pulse. Let us first con-

sider the case in which the carrier wavelength is far away from the zero-dispersion

wavelength so that the contribution of the (5 3 term is negligible. The integration in Eq.

(2.4.15) can be performed analytically with the result

A{z,t)
A0 (1 + iC)t

2
'

2r
0
2
g(z)J'

(2.4.16)

where Q(z) = 1 + (C— i)p2z/Tq. This equation shows that a Gaussian pulse remains

Gaussian on propagation but its width, chirp, and amplitude change as dictated by the

factor Q(z). For example, the chirp at a distance z changes from its initial value C to

become C\ (z) = C+ ( 1 + C2
)/32z/Tq.

Changes in the pulse width with z are quantified through the broadening factor

given by

T\

To

2

+ (2.4.17)

where T\ is the half-width defined similar to To. Figure 2.12 shows the broadening

factor T\/To as a function of the propagation distance z/Ld , where Lp = Tf/\^2 \

is

the dispersion length. An unchirped pulse (C = 0) broadens as [1 + (z/L ^)
2

]

1 ^2 and

its width increases by a factor of y/2 at z = Lq. The chirped pulse, on the other hand,

may broaden or compress depending on whether j3 2 and C have the same or opposite

signs. For f52C > 0 the chirped Gaussian pulse broadens monotonically at a rate faster

than the unchirped pulse. For fi 2C < 0, the pulse width initially decreases and becomes

minimum at a distance

zmin =[\C\/(l+C
2
)\LD . (2.4.18)

The minimum value depends on the chirp parameter as

T^[n = 7o/(l +C2
)

1 /2
. (2.4.19)

Physically, when p2C < 0, the GVD-induced chirp counteracts the initial chirp, and the

effective chirp decreases until it vanishes at z = zmin-
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Figure 2.12: Variation of broadening factor with propagated distance for a chirped Gaussian

input pulse. Dashed curve corresponds to the case of an unchirped Gaussian pulse. For p 2 < 0

the same curves are obtained if the sign of the chirp parameter C is reversed.

Equation (2.4.17) can be generalized to include higher-order dispersion governed

by fc in Eq. (2.4.15). The integral can still be performed in closed form in terms of

an Airy function [57]. However, the pulse no longer remains Gaussian on propagation

and develops a tail with an oscillatory structure. Such pulses cannot be properly char-

acterized by their FWHM. A proper measure of the pulse width is the RMS width of

the pulse defined as

o = [(t
2
)
- (t)

2

]
$ ,

(2.4.20)

where the angle brackets denote averaging with respect to the intensity profile, i.e.,

S^r\A{z,t)\ 2
dt

f-oo \A(z,t)\
2 dt

(2.4.21)

The broadening factor defined as c/ao, where Ob is the RMS width of the input Gaus-

sian pulse (Go = Tq/\/2) can be calculated following the analysis of Appendix C and

is given by [56]

2

+
2

+ (1+C2
)

2
(2.4.22)

where L is the fiber length.

The foregoing discussion assumes that the optical source used to produce the in-

put pulses is nearly monochromatic such that its spectral width satisfies A(Ol <C Aa>o

(under continuous-wave, or CW, operation), where Ao)q is given by Eq. (2.4.14). This
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condition is not always satisfied in practice. To account for the source spectral width,

we must treat the optical field as a stochastic process and consider the coherence prop-

erties of the source through the mutual coherence function [22]. Appendix C shows

how the broadening factor can be calculated in this case. When the source spectrum is

Gaussian with the RMS spectral width Go, the broadening factor is obtained from [56]

CftZA

2°o )
+ (i+v£)

2

+ (i+c2 +v2
)

2
(2.4.23)

where Vo is defined as Vo = 2gw Go- Equation (2.4.23) provides an expression for

dispersion-induced broadening of Gaussian input pulses under quite general condi-

tions. We use it in the next section to find the limiting bit rate of optical communication

systems.

2.4.3 Limitations on the Bit Rate

The limitation imposed on the bit rate by fiber dispersion can be quite different depend-

ing on the source spectral width. It is instructive to consider the following two cases

separately.

Optical Sources with a Large Spectral Width

This case corresponds to Vo 1 in Eq. (2.4.23). Consider first the case of a lightwave

system operating away from the zero-dispersion wavelength so that the )3 3 term can

be neglected. The effects of frequency chirp are negligible for sources with a large

spectral width. By setting C = 0 in Eq. (2.4.23), we obtain

a 2 = <7q + (P2Lom )

2 = <70
2 + (DLox)

2
, (2.4.24)

where a\ is the RMS source spectral width in wavelength units. The output pulse

width is thus given by

a = {al + al)
l/1

,
(2.4.25)

where Gd = \D\Lgi provides a measure of dispersion-induced broadening.

We can relate g to the bit rate by using the criterion that the broadened pulse should

remain inside the allocated bit slot, Tb = 1 /B, where B is the bit rate. A commonly used

criterion is g < Tb/4; for Gaussian pulses at least 95% of the pulse energy then remains

within the bit slot. The limiting bit rate is given by 4Bg < 1. In the limit Go do,

G ~ Go = \D\Lgi, and the condition becomes

BL\D\ox <\. (2.4.26)

This condition should be compared with Eq. (2.3.6) obtained heuristically; the two

become identical if we interpret AA as 4a^ in Eq. (2.3.6).

For a lightwave system operating exactly at the zero-dispersion wavelength, /3 2 = 0

in Eq. (2.4.23). By setting C = 0 as before and assuming Vo 1, Eq. (2.4.23) can be

approximated by

a 2 = (Jq + i(/3
3La

2
)

2 = a0
2 + \{SLal)

2
1

(2.4.27)
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where Eq. (2.3.13) was used to relate to the dispersion slope S. The output pulse

width is thus given by Eq. (2.4.25) but now Go = \S\Lo}/^/2. As before, we can relate

a to the limiting bit rate by the condition ABg < 1. When Go do, the limitation on

the bit rate is governed by

BL\S\al<l/Vs. (2.4.28)

This condition should be compared with Eq. (2.3.14) obtained heuristically by using

simple physical arguments.

As an example, consider the case of a light-emitting diode (see Section 3.2) for

which Gx ~ 15 nm. By using D = 17 ps/(km-nm) at 1.55 gm, Eq. (2.4.26) yields

BL < 1 (Gb/s)-km. However, if the system is designed to operate at the zero-dispersion

wavelength, BL can be increased to 20 (Gb/s)-km for a typical value S = 0.08 ps/(km-

nm2
).

Optical Sources with a Small Spectral Width

This case corresponds to <C 1 in Eq. (2.4.23). As before, if we neglect the 3 term

and set C = 0, Eq. (2.4.23) can be approximated by

a 2 = Oq + (/3iL/2Gb
)

2 = Oq + o},. (2.4.29)

A comparison with Eq. (2.4.25) reveals a major difference between the two cases. In

the case of a narrow source spectrum, dispersion-induced broadening depends on the

initial width Gq , whereas it is independent of Gq when the spectral width of the optical

source dominates. In fact, G can be minimized by choosing an optimum value of do-

The minimum value of G is found to occur for (Jo = Go = (lftlE/2)

1 /2 and is given

by G = (|j32 |L)
1 /2

. The limiting bit rate is obtained by using ABg < 1 and leads to the

condition

bV\E\L <1 (2.4.30)

The main difference from Eq. (2.4.26) is that B scales as L -1
/2 rather than L_1

. Figure

2.13 compares the decrease in the bit rate with increasing for Gx = 0,1, and 5 nm L

using D — 16 ps/(km-nm). Equation (2.4.30) was used in the case G x = 0.

For a lightwave system operating close to the zero-dispersion wavelength, /3 2 ~ 0

in Eq. (2.4.23). Using <C 1 and C = 0, the pulse width is then given by

a 2 = <3q + {foL/4ol)
2
/2 = Oq + <75- (2.4.31)

Similar to the case of Eq. (2.4.29), G can be minimized by optimizing the input pulse

width do. The minimum value of a occurs for do = Qfe |L/4
)

J /3 and is given by

= (l)
1/2

(lft|£/4)
1/3

. (2.4.32)

The limiting bit rate is obtained by using the condition ABg < 1 , or

flflftlL)

1 /3 <0.324. (2.4.33)

The dispersive effects are most forgiving in this case. When @3 = 0.1 ps3/km, the bit

rate can be as large as 150 Gb/s for L = 100 km. It decreases to only about 70 Gb/s
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Figure 2.13: Limiting bit rate of single-mode fibers as a function of the fiber length for = 0,

1 , and 5 nm. The case Cfy = 0 corresponds to the case of an optical source whose spectral width

is much smaller than the bit rate.

even when L increases by a factor of 10 because of the L _1
/ 3 dependence of the bit rate

on the fiber length. The dashed line in Fig. 2.13 shows this dependence by using Eq.

(2.4.33) with ^ =0.1 ps
3/km. Clearly, the performance of a lightwave system can be

improved considerably by operating it near the zero-dispersion wavelength of the fiber

and using optical sources with a relatively narrow spectral width.

Effect of Frequency Chirp

The input pulse in all preceding cases has been assumed to be an unchirped Gaussian

pulse. In practice, optical pulses are often non-Gaussian and may exhibit considerable

chirp. A super-Gaussian model has been used to study the bit-rate limitation imposed

by fiber dispersion for a NRZ-format bit stream [58]. In this model, Eq. (2.4.10) is

replaced by

A(0,T) = Aq exp
1 + iC

|

f t \
2"r

2 '
1

(2.4.34)

where the parameter m controls the pulse shape. Chirped Gaussian pulses correspond

to m = 1 . For large value ofm the pulse becomes nearly rectangular with sharp leading

and trailing edges. The output pulse shape can be obtained by solving Eq. (2.4.9)

numerically. The limiting bit rate-distance product BL is found by requiring that the

RMS pulse width does not increase above a tolerable value. Figure 2. 14 shows the BL
product as a function of the chirp parameter C for Gaussian (m = 1) and super-Gaussian

(m = 3) input pulses. In both cases the fiber length L at which the pulse broadens
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Chirp parameter, C

Figure 2.14: Dispersion-limited BL product as a function of the chirp parameter for Gaussian

(solid curve) and super-Gaussian (dashed curve) input pulses. (After Ref. [58]; ©1986 OSA;

reprinted with permission.)

by 20% was obtained for To = 125 ps and = — 20 ps2/km. As expected, the BL
product is smaller for super-Gaussian pulses because such pulses broaden more rapidly

than Gaussian pulses. The BL product is reduced dramatically for negative values of

the chirp parameter C. This is due to enhanced broadening occurring when /3 2C is

positive (see Fig. 2.12). Unfortunately, C is generally negative for directly modulated

semiconductor lasers with a typical value of —6 at 1 .55 pm. Since BL <100 (Gb/s)-km

under such conditions, fiber dispersion limits the bit rate to about 2 Gb/s forL = 50 km.

This problem can be overcome by using dispersion-shifted fibers or by using dispersion

management (see Chapter 7).

2.4.4 Fiber Bandwidth

The concept of fiber bandwidth originates from the general theory of time-invariant

linear systems [59]. If the optical fiber can be treated as a linear system , its input and

output powers should be related by a general relation

/

oo

h(t-t')Pin {t')dt'. (2.4.35)

For an impulse P[n (t) = S(t), where S(t) is the delta function, and Pout(0 = h(t). For

this reason, h(t) is called the impulse response of the linear system. Its Fourier trans-

form,

H(f)= /
h(t)exp(2nift)dt, (2.4.36)



54 CHAPTER 2. OPTICAL FIBERS

provides the frequency response and is called the transferfunction. In general, \H(f)\

falls off with increasing /, indicating that the high-frequency components of the input

signal are attenuated by the fiber. In effect, the optical fiber acts as a bandpass filter.

The fiber bandwidth /^b corresponds to the frequency / = /3dB at which \H(f)\ is

reduced by a factor of 2 or by 3 dB

:

\H(fidB )/H(0)\ = l (2.4.37)

Note that /^b is the optical bandwidth of the fiber as the optical power drops by 3 dB

at this frequency compared with the zero-frequency response. In the field of electrical

communications, the bandwidth of a linear system is defined as the frequency at which

electrical power drops by 3 dB.

Optical fibers cannot generally be treated as linear with respect to power, and Eq.

(2.4.35) does not hold for them [60]. However, this equation is approximately valid

when the source spectral width is much larger than the signal spectral width (Vw 1).

In that case, we can consider propagation of different spectral components indepen-

dently and add the power carried by them linearly to obtain the output power. For a

Gaussian spectrum, the transfer function H(f) is found to be given by [61]

H(f)

- 1/2

exp
~

(///1)
2 ~

.
2(1 + 1///2) J

’

where the parameters f\ and f2 are given by

fi = (2np2LG(0
)~ 1 = (2k\D\LgY~\

h = (2nfoLcl)-
1 = [2n(S+2\D\/X)Lcl]-\

(2.4.38)

(2.4.39)

(2.4.40)

and we used Eqs. (2.3.5) and (2.3.13) to introduce the dispersion parameters D and S.

For lightwave systems operating far away from the zero-dispersion wavelength

(/1 <C ff), the transfer function is approximately Gaussian. By using Eqs. (2.4.37)

and (2.4.38) with f f2 , the fiber bandwidth is given by

/3dB = (2 ln2)
1 /2

/i « 0.188(|Z>|Z.(7^)
_1

. (2.4.41)

If we use Go = \D\Lox from Eq. (2.4.25), we obtain the relation f2dBGd ~ 0.188

between the fiber bandwidth and dispersion-induced pulse broadening. We can also get

a relation between the bandwidth and the bit rate B by using Eqs. (2.4.26) and (2.4.41).

The relation is B < 1.33/3 dB and shows that the fiber bandwidth is an approximate

measure of the maximum possible bit rate of dispersion-limited lightwave systems. In

fact, Fig. 2.13 can be used to estimate /3dB and its variation with the fiber length under

different operating conditions.

For lightwave systems operating at the zero-dispersion wavelength, the transfer

function is obtained from Eq. (2.4.38) by setting D = 0. The use of Eq. (2.4.37) then

provides the following expression for the fiber bandwidth

/3dB = V^5/2 « 0.616(SLol)~
l

. (2.4.42)
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The limiting bit rate can be related to f^dB by using Eq. (2.4.28) and is given by

B < 0.574/3 dB- Again, the fiber bandwidth provides a measure of the dispersion-

limited bit rate. As a numerical estimate, consider a 1.55-jum lightwave system em-

ploying dispersion-shifted fibers and multimode semiconductor lasers. By using S =
0.05 ps/(km-nm2

) and 0^ = 1 nm as typical values, /3dB^ ~ 32 THz-km. By con-

trast, the bandwidth-distance product is reduced to 0.1 THz-km for standard fibers

with D = 18 ps/(km-nm).

2.5 Fiber Losses

Section 2.4 shows that fiber dispersion limits the performance of optical communi-

cation systems by broadening optical pulses as they propagate inside the fiber. Fiber

losses represent another limiting factor because they reduce the signal power reaching

the receiver. As optical receivers need a certain minimum amount of power for re-

covering the signal accurately, the transmission distance is inherently limited by fiber

losses. In fact, the use of silica fibers for optical communications became practical only

when losses were reduced to an acceptable level during the 1970s. With the advent of

optical amplifiers in the 1990s, transmission distances can exceed several thousands

kilometers by compensating accumulated losses periodically. However, low-loss fibers

are still required since spacing among amplifiers is set by fiber losses. This section is

devoted to a discussion of various loss mechanisms in optical fibers.

2.5.1 Attenuation Coefficient

Under quite general conditions, changes in the average optical power P of a bit stream

propagating inside an optical fiber are governed by Beer’s law:

dP/dz = -aP
i

(2.5.1)

where a is the attenuation coefficient. Although denoted by the same symbol as the

absorption coefficient in Eq. (2.2.12), a in Eq. (2.5.1) includes not only material ab-

sorption but also other sources of power attenuation. If Pjn is the power launched at the

input end of a fiber of length L, the output power PQut from Eq. (2.5.1) is given by

Pont = Pin exp(— aL). (2.5.2)

It is customary to express a in units of dB/km by using the relation

a (dB/km) = -E
iogl0 « 4.343a, (2.5.3)

and refer to it as the fiber-loss parameter.

Fiber losses depend on the wavelength of transmitted light. Figure 2.15 shows the

loss spectrum a(A) of a single-mode fiber made in 1979 with 9.4-/im core diameter,

A = 1.9 x 10 3
, and 1.1-jUm cutoff wavelength [11]. The fiber exhibited a loss of

only about 0.2 dB/km in the wavelength region near 1.55 gm, the lowest value first

realized in 1979. This value is close to the fundamental limit of about 0.16 dB/km for
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Wavelength (pm)

Figure 2.15: Loss spectrum of a single-mode fiber produced in 1979. Wavelength dependence

of several fundamental loss mechanisms is also shown. (After Ref. [11]; ©1979 IEE; reprinted

with permission.)

silica fibers. The loss spectrum exhibits a strong peak near 1.39 /im and several other

smaller peaks. A secondary minimum is found to occur near 1.3 /im, where the fiber

loss is below 0.5 dB/km. Since fiber dispersion is also minimum near 1.3 /im, this

low-loss window was used for second-generation lightwave systems. Fiber losses are

considerably higher for shorter wavelengths and exceed 5 dB/km in the visible region,

making it unsuitable for long-haul transmission. Several factors contribute to overall

losses; their relative contributions are also shown in Fig. 2.15. The two most important

among them are material absorption and Rayleigh scattering.

2.5.2 Material Absorption

Material absorption can be divided into two categories. Intrinsic absorption losses cor-

respond to absorption by fused silica (material used to make fibers) whereas extrinsic

absorption is related to losses caused by impurities within silica. Any material absorbs

at certain wavelengths corresponding to the electronic and vibrational resonances as-

sociated with specific molecules. For silica (SiC>2 ) molecules, electronic resonances

occur in the ultraviolet region (A < 0.4 /im), whereas vibrational resonances occur in

the infrared region (A >7 /im). Because of the amorphous nature of fused silica, these

resonances are in the form of absorption bands whose tails extend into the visible re-

gion. Figure 2.15 shows that intrinsic material absorption for silica in the wavelength

range 0.8-1.6 /im is below 0.1 dB/km. In fact, it is less than 0.03 dB/km in the 1.3- to
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Figure 2.16: Loss and dispersion of the AllWave fiber. Loss of a conventional fiber is shown by

the gray line for comparison. (Courtesy Lucent Technologies.)

1.6-jUm wavelength window commonly used for lightwave systems.

Extrinsic absorption results from the presence of impurities. Transition-metal im-

purities such as Fe, Cu, Co, Ni, Mn, and Cr absorb strongly in the wavelength range

0.6-1 .6 /im. Their amount should be reduced to below 1 part per billion to obtain a loss

level below 1 dB/km. Such high-purity silica can be obtained by using modern tech-

niques. The main source of extrinsic absorption in state-of-the-art silica fibers is the

presence of water vapors. A vibrational resonance of the OH ion occurs near 2.73 /im.

Its harmonic and combination tones with silica produce absorption at the 1.39-, 1.24-,

and 0.95-/im wavelengths. The three spectral peaks seen in Fig. 2.15 occur near these

wavelengths and are due to the presence of residual water vapor in silica. Even a con-

centration of 1 part per million can cause a loss of about 50 dB/km at 1.39 gm. The

OH ion concentration is reduced to below 10
_8

in modern fibers to lower the 1.39-jum

peak below 1 dB. In a new kind of fiber, known as the dry fiber, the OH ion concentra-

tion is reduced to such low levels that the 1.39-jum peak almost disappears [62]. Figure

2.16 shows the loss and dispersion profiles of such a fiber (marketed under the trade

name AllWave). Such fibers can be used to transmitWDM signals over the entire 1.30-

tol.65-/im wavelength range.

2.5.3 Rayleigh Scattering

Rayleigh scattering is a fundamental loss mechanism arising from local microscopic

fluctuations in density. Silica molecules move randomly in the molten state and freeze

in place during fiber fabrication. Density fluctuations lead to random fluctuations of

the refractive index on a scale smaller than the optical wavelength A . Light scattering

in such a medium is known as Rayleigh scattering [22]. The scattering cross section

varies as A -4
. As a result, the intrinsic loss of silica fibers from Rayleigh scattering

can be written as

0CR = C/l A
1

(2.5.4)
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where the constant C is in the range 0.7-0.9 (dB/km)-/!m 4
, depending on the con-

stituents of the fiber core. These values of C correspond to ocr = 0.12-0.16 dB/km at

A = 1.55 jUm, indicating that fiber loss in Fig. 2.15 is dominated by Rayleigh scattering

near this wavelength.

The contribution of Rayleigh scattering can be reduced to below 0.01 dB/km for

wavelengths longer than 3 jim. Silica fibers cannot be used in this wavelength region,

since infrared absorption begins to dominate the fiber loss beyond 1.6 fim. Consider-

able effort has been directed toward finding other suitable materials with low absorption

beyond 2 fim [63]-[66]. Fluorozirconate (ZrFzO fibers have an intrinsic material ab-

sorption of about 0.01 dB/km near 2.55 /!m and have the potential for exhibiting loss

much smaller than that of silica fibers. State-of-the-art fluoride fibers, however, exhibit

a loss of about 1 dB/km because of extrinsic losses. Chalcogenide and polycrystalline

fibers exhibit minimum loss in the far-infrared region near 10 fim. The theoretically

predicted minimum value of fiber loss for such fibers is below 10
~ 3 dB/km because of

reduced Rayleigh scattering. However, practical loss levels remain higher than those

of silica fibers [66].

2.5.4 Waveguide Imperfections

An ideal single-mode fiber with a perfect cylindrical geometry guides the optical mode

without energy leakage into the cladding layer. In practice, imperfections at the core-

cladding interface (e.g., random core-radius variations) can lead to additional losses

which contribute to the net fiber loss. The physical process behind such losses is Mie

scattering [22], occurring because of index inhomogeneities on a scale longer than the

optical wavelength. Care is generally taken to ensure that the core radius does not vary

significantly along the fiber length during manufacture. Such variations can be kept

below 1%, and the resulting scattering loss is typically below 0.03 dB/km.

Bends in the fiber constitute another source of scattering loss [67]. The reason

can be understood by using the ray picture. Normally, a guided ray hits the core-

cladding interface at an angle greater than the critical angle to experience total internal

reflection. However, the angle decreases near a bend and may become smaller than the

critical angle for tight bends. The ray would then escape out of the fiber. In the mode

description, a part of the mode energy is scattered into the cladding layer. The bending

loss is proportional to exp(—R/R c ), where R is the radius of curvature of the fiber

bend and Rc = a/(n\ — n%). For single-mode fibers, R c = 0.2-0.4 gm typically, and

the bending loss is negligible (< 0.01 dB/km) for bend radius R > 5 mm. Since most

macroscopic bends exceed R = 5 mm, macrobending losses are negligible in practice.

A major source of fiber loss, particularly in cable form, is related to the random

axial distortions that invariably occur during cabling when the fiber is pressed against a

surface that is not perfectly smooth. Such losses are referred to as microbending losses

and have been studied extensively [68]—[72] . Microbends cause an increase in the fiber

loss for both multimode and single-mode fibers and can result in an excessively large

loss (~ 100 dB/km) if precautions are not taken to minimize them. For single-mode

fibers, microbending losses can be minimized by choosing the V parameter as close to

the cutoff value of 2.405 as possible so that mode energy is confined primarily to the

core. In practice, the fiber is designed to have V in the range 2.0-2.4 at the operating
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wavelength. Many other sources of optical loss exist in a fiber cable. These are related

to splices and connectors used in forming the fiber link and are often treated as a part

of the cable loss; microbending losses can also be included in the total cable loss.

2.6 Nonlinear Optical Effects

The response of any dielectric to light becomes nonlinear for intense electromagnetic

fields, and optical fibers are no exception. Even though silica is intrinsically not a

highly nonlinear material, the waveguide geometry that confines light to a small cross

section over long fiber lengths makes nonlinear effects quite important in the design of

modern lightwave systems [31]. We discuss in this section the nonlinear phenomena

that are most relevant for fiber-optic communications.

2.6.1 Stimulated Light Scattering

Rayleigh scattering, discussed in Section 2.5.3, is an example of elastic scattering for

which the frequency (or the photon energy) of scattered light remains unchanged. By
contrast, the frequency of scattered light is shifted downward during inelastic scatter-

ing. Two examples of inelastic scattering are Raman scattering and Brillouin scatter-

ing [73]. Both of them can be understood as scattering of a photon to a lower energy

photon such that the energy difference appears in the form of a phonon. The main

difference between the two is that optical phonons participate in Raman scattering,

whereas acoustic phonons participate in Brillouin scattering. Both scattering processes

result in a loss of power at the incident frequency. However, their scattering cross

sections are sufficiently small that loss is negligible at low power levels.

At high power levels, the nonlinear phenomena of stimulated Raman scattering

(SRS) and stimulated Brillouin scattering (SBS) become important. The intensity of

the scattered light in both cases grows exponentially once the incident power exceeds

a threshold value [74]. SRS and SBS were first observed in optical fibers during the

1970s [75]—[78]. Even though SRS and SBS are quite similar in their origin, different

dispersion relations for acoustic and optical phonons lead to the following differences

between the two in single-mode fibers [31 ]: (i) SBS occurs only in the backward di-

rection whereas SRS can occur in both directions; (ii) The scattered light is shifted

in frequency by about 10 GHz for SBS but by 13 THz for SRS (this shift is called

the Stokes shift); and (iii) the Brillouin gain spectrum is extremely narrow (bandwidth

<100 MHz) compared with the Raman-gain spectrum that extends over 20-30 THz.

The origin of these differences lies in a relatively small value of the ratio va/c (~ 10~ 5
),

where va is the acoustic velocity in silica and c is the velocity of light.

Stimulated Brillouin Scattering

The physical process behind Brillouin scattering is the tendency of materials to become

compressed in the presence of an electric field—a phenomenon termed electrostric-

tion [73]. For an oscillating electric field at the pump frequency Q. p , this process gen-

erates an acoustic wave at some frequency Q. Spontaneous Brillouin scattering can be
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viewed as scattering of the pump wave from this acoustic wave, resulting in creation

of a new wave at the pump frequency Q y . The scattering process must conserve both

the energy and the momentum. The energy conservation requires that the Stokes shift

Q equals cop
— cos . The momentum conservation requires that the wave vectors sat-

isfy = kp — ks . Using the dispersion relation \kA
\

= Q/va, where vA is the acoustic

velocity, this condition determines the acoustic frequency as [31]

Q = \kA \vA = 2vA \kp \

sin(0/2), (2.6.1)

where \kp \

~ \ks
\

was used and 0 represents the angle between the pump and scattered

waves. Note that Q vanishes in the forward direction (0 = 0) and is maximum in the

backward direction (0 = n). In single-mode fibers, light can travel only in the forward

and backward directions. As a result, SBS occurs in the backward direction with a

frequency shift TlB = 2vA \kp \. Using kp = 2nh/'kp , where Xp is the pump wavelength,

the Brillouin shift is given by

vB = T1b/2k = 2nvA/Xp ,
(2.6.2)

where h is the mode index. Using vA = 5.96 km/s and h = 1.45 as typical values for

silica fibers, vB = 11.1 GHz at Xp = 1.55 fim. Equation (2.6.2) shows that vB scales

inversely with the pump wavelength.

Once the scattered wave is generated spontaneously, it beats with the pump and

creates a frequency component at the beat frequency op — (Os ,
which is automatically

equal to the acoustic frequency Q. As a result, the beating term acts as source that

increases the amplitude of the sound wave, which in turn increases the amplitude of the

scattered wave, resulting in a positive feedback loop. SBS has its origin in this positive

feedback, which ultimately can transfer all power from the pump to the scattered wave.

The feedback process is governed by the following set of two coupled equations [73]:

-f
= -gslpls - apIp . (2.6.3)

dls
r~ = +gBIPIs ~ Mslsi (2.6.4)
dz

where Ip and Is are the intensities of the pump and Stokes fields, gB is the SBS gain,

and ap and ap account for fiber losses.

The SBS gain gB is frequency dependent because of a finite damping time Tb of

acoustic waves (the lifetime of acoustic phonons). If the acoustic waves decay as

exp(—t/TB ), the Brillouin gain has a Lorentzian spectral profile given by [77]

gs(&)
1 + (n-£lB)

2Tl
(2.6.5)

Figure 2.17 shows the Brillouin gain spectra at = 1.525 pm for three different kinds

of single-mode silica fibers. Both the Brillouin shift v# and the gain bandwidth Av#
can vary from fiber to fiber because of the guided nature of light and the presence

of dopants in the fiber core. The fiber labeled (a) in Fig. 2.17 has a core of nearly

pure silica (germania concentration of about 0.3% per mole). The measured Brillouin
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Figure 2.17: Brillouin-gain spectra measured using a 1.525-/im pump for three fibers with dif-

ferent germania doping: (a) silica-core fiber; (b) depressed-cladding fiber; (c) dispersion-shifted

fiber. Vertical scale is arbitrary. (After Ref. [78]; ©1986 IEE; reprinted with permission.)

shift v# = 11.25 GHz is in agreement with Eq. (2.6.2). The Brillouin shift is reduced

for fibers (b) and (c) of a higher germania concentration in the fiber core. The double-

peak structure for fiber (b) results from inhomogeneous distribution of germania within

the core. The gain bandwidth in Fig. 2.17 is larger than that expected for bulk silica

(Av# ~ 17 MHz at ?ip = 1.525 gm). A part of the increase is due to the guided nature

of acoustic modes in optical fibers. However, most of the increase in bandwidth can

be attributed to variations in the core diameter along the fiber length. Because such

variations are specific to each fiber, the SBS gain bandwidth is generally different for

different fibers and can exceed 100 MHz; typical values are ~50 MHz for X p near

1.55 jUm.

The peak value of the Brillouin gain in Eq. (2.6.5) occurs for Q = Q b and depends

on various material parameters such as the density and the elasto-optic coefficient [73].

For silica fibers gs ~ 5 x 10
-11 m/W. The threshold power level for SBS can be esti-

mated by solving Eqs. (2.6.3) and (2.6.4) and finding at what value of I p , Is grows from

noise to a significant level. The threshold power Pth = 7
/?
Aeff, where A eff is the effective

core area, satisfies the condition [74]

gtf^th^eff/Aeff « 21
,

(2.6.6)

where Leff is the effective interaction length defined as

Leff = [1 — exp(— aL)]/a, (2.6.7)

and a represents fiber losses. For optical communication systems L eff can be approx-

imated by 1/a as aL ^ 1 in practice. Using A eff = kw2
, where w is the spot size,

Pth can be as low as 1 mW depending on the values of w and a [77]. Once the power

launched into an optical fiber exceeds the threshold level, most of the light is reflected

backward through SBS. Clearly, SBS limits the launched power to a few milliwatts

because of its low threshold.

The preceding estimate of P
th applies to a narrowband CW beam as it neglects the

temporal and spectral characteristics of the incident light. In a lightwave system, the
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Figure 2.18: (a) Raman gain spectrum of fused silica at Xp = 1 gm and (b) energy levels partic-

ipating in the SRS process. (After Ref. [75]; ©1972 AIP; reprinted with permission.)

signal is in the form of a bit stream. For a single short pulse whose width is much

smaller than the phonon lifetime, no SBS is expected to occur. However, for a high-

speed bit stream, pulses come at such a fast rate that successive pulses build up the

acoustic wave, similar to the case of a CW beam, although the SBS threshold increases.

The exact value of the average threshold power depends on the modulation format (RZ

versus NRZ) and is typically ~5 mW. It can be increased to 10 mW or more by in-

creasing the bandwidth of the optical carrier to >200 MHz through phase modulation.

SBS does not produce interchannel crosstalk in WDM systems because the 10-GHz

frequency shift is much smaller than typical channel spacing.

Stimulated Raman Scattering

Spontaneous Raman scattering occurs in optical fibers when a pump wave is scattered

by the silica molecules. It can be understood using the energy-level diagram shown

in Fig. 2.18(b). Some pump photons give up their energy to create other photons

of reduced energy at a lower frequency; the remaining energy is absorbed by silica

molecules, which end up in an excited vibrational state. An important difference from

Brillouin scattering is that the vibrational energy levels of silica dictate the value of the

Raman shift Q.r = cop — (Os . As an acoustic wave is not involved, spontaneous Raman
scattering is an isotropic process and occurs in all directions.

Similar to the SBS case, the Raman scattering process becomes stimulated if the

pump power exceeds a threshold value. SRS can occur in both the forward and back-

ward directions in optical fibers. Physically speaking, the beating of the pump and with

the scattered light in these two directions creates a frequency component at the beat fre-

quency (Op — cos , which acts as a source that derives molecular oscillations. Since the

amplitude of the scattered wave increases in response to these oscillations, a positive

feedback loop sets in. In the case of forward SRS, the feedback process is governed by
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the following set of two coupled equations [31]:

dip

dz

dls

dz

gRlpIs &plpi

gRlpIs OCsIsi

(2.6.8)

(2.6.9)

where gR is the SRS gain. In the case of backward SRS, a minus sign is added in front

of the derivative in Eq. (2.6.9), and this set of equations becomes identical to the SBS
case.

The spectrum of the Raman gain depends on the decay time associated with the

excited vibrational state. In the case of a molecular gas or liquid, the decay time is

relatively long (~1 ns), resulting in a Raman-gain bandwidth of ~1 GHz. In the case

for optical fibers, the bandwidth exceeds 10 THz. Figure 2.18 shows the Raman-gain

spectrum of silica fibers. The broadband and multipeak nature of the spectrum is due

to the amorphous nature of glass. More specifically, vibrational energy levels of silica

molecules merge together to form a band. As a result, the Stokes frequency co s can

differ from the pump frequency cop over a wide range. The maximum gain occurs

when the Raman shift LIr = op — 0)s is about 13 THz. Another major peak occurs

near 15 THz while minor peaks persist for values of Or as large as 35 THz. The peak

value of the Raman gain gR is about 1 x 10“ 13 m/W at a wavelength of 1 gm. This

value scales linearly with (Op (or inversely with the pump wavelength A p ), resulting in

gR ~ 6 x 10
-13 m/W at 1.55 gm.

Similar to the case of SBS, the threshold power P
th is defined as the incident power

at which half of the pump power is transferred to the Stokes field at the output end of a

fiber of length L. It is estimated from [74]

gRpth^effMeff~ 16, (2.6.10)

where gR is the peak value of the Raman gain. As before, L eff can be approximated by

1/a. If we replace A eff by nw2
, where w is the spot size, Pth for SRS is given by

Pth « \6a(nw2
)/gR . (2.6.11)

If we use kw1 = 50 gm2 and a = 0.2 dB/km as the representative values, Pth is about

570 mW near 1.55 gm. It is important to emphasize that Eq. (2.6.11) provides an

order-of-magnitude estimate only as many approximations are made in its derivation.

As channel powers in optical communication systems are typically below 10 mW, SRS
is not a limiting factor for single-channel lightwave systems. However, it affects the

performance ofWDM systems considerably; this aspect is covered in Chapter 8.

Both SRS and SBS can be used to advantage while designing optical communi-

cation systems because they can amplify an optical signal by transferring energy to

it from a pump beam whose wavelength is suitably chosen. SRS is especially useful

because of its extremely large bandwidth. Indeed, the Raman gain is used routinely for

compensating fiber losses in modern lightwave systems (see Chapter 6).
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2.6.2 Nonlinear Phase Modulation

The refractive index of silica was assumed to be power independent in the discussion of

fiber modes in Section 2.2. In reality, all materials behave nonlinearly at high intensities

and their refractive index increases with intensity. The physical origin of this effect

lies in the anharmonic response of electrons to optical fields, resulting in a nonlinear

susceptibility [73]. To include nonlinear refraction, we modify the core and cladding

indices of a silica fiber as [31]

n'j = nj + n2 (P/Aeff), j= 1,2, (2.6.12)

where h2 is the nonlinear-index coefficient, P is the optical power, and A eff is the effec-

tive mode area introduced earlier. The numerical value of h 2 is about 2.6 x l 0-20 m2/w
for silica fibers and varies somewhat with dopants used inside the core. Because of this

relatively small value, the nonlinear part of the refractive index is quite small (< 10
_ 12

at a power level of 1 mW). Nevertheless, it affects modern lightwave systems consider-

ably because of long fiber lengths. In particular, it leads to the phenomena of self- and

cross-phase modulations.

Self-Phase Modulation

If we use first-order perturbation theory to see how fiber modes are affected by the

nonlinear term in Eq. (2.6.12), we find that the mode shape does not change but the

propagation constant becomes power dependent. It can be written as [31]

P' = P + k0n2P/AQff = P + yP, (2.6. 13)

where y= 2nh2l (AeffA) is an important nonlinear parameter with values ranging from

1 to 5 W_1/km depending on the values of A eff and the wavelength. Noting that the

optical phase increases linearly with z as seen in Eq. (2.4.1), the y term produces a

nonlinear phase shift given by

0nl = [

L

(p'-p)dz= [

L

yP{z)dz = rPinUff, (2.6.14)
Jo Jo

where P(z) = P{n txp(—az) accounts for fiber losses and Leff is defined in Eq. (2.6.7).

In deriving Eq. (2.6.14) Pin was assumed to be constant. In practice, time depen-

dence of Pin makes (f)nl to vary with time. In fact, the optical phase changes with time

in exactly the same fashion as the optical signal. Since this nonlinear phase modula-

tion is self-induced, the nonlinear phenomenon responsible for it is called self-phase

modulation (SPM). It should be clear from Eq. (2.4.12) that SPM leads to frequency

chirping of optical pulses. In contrast with the linear chirp considered in Section 2.4,

the frequency chirp is proportional to the derivative dPm/dt and depends on the pulse

shape. Figure 2.19 shows how chirp varies with time for Gaussian (m = 1) and super-

Gaussian pulses (m = 3). The SPM-induced chirp affects the pulse shape through GVD
and often leads to additional pulse broadening [31]. In general, spectral broadening of

the pulse induced by SPM [79] increases the signal bandwidth considerably and limits

the performance of lightwave systems.
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T/T0

Figure 2.19: SPM-induced frequency chirp for Gaussian (dashed curve) and super-Gaussian

(solid curve) pulses.

If fiber losses are compensated periodically using optical amplifiers, 0nl in Eq.

(2.6.14) should be multiplied by the number of amplifiersNA because the SPM-induced

phase accumulates over multiple amplifiers. To reduce the impact of SPM in lightwave

systems, it is necessary that (j)nl C 1. If we use
(f)nl = 0.1 as the maximum tolerable

value and replace Leff by 1/a for long fibers, this condition can be written as a limit on

the input peak power as

Pm <0.1a/(rNA ). (2.6.15)

For example, if y = 2 W -1
/km, Na = 10, and a = 0.2 dB/km, the input peak power is

limited to below 2.2 mW. Clearly, SPM can be a major limiting factor for long-haul

lightwave systems.

Cross-Phase Modulation

The intensity dependence of the refractive index in Eq. (2.6.12) can also lead to another

nonlinear phenomenon known as cross-phase modulation (XPM). It occurs when two

or more optical channels are transmitted simultaneously inside an optical fiber using

the WDM technique. In such systems, the nonlinear phase shift for a specific channel

depends not only on the power of that channel but also on the power of other chan-

nels [80]. The phase shift for the jth channel becomes

4>
;

NL = YUff Ipj + 2 £ Pm
j

,
(2.6. 1 6)

where the sum extends over the number of channels. The factor of 2 in Eq. (2.6.16)

has its origin in the form of the nonlinear susceptibility [31] and indicates that XPM is

twice as effective as SPM for the same amount of power. The total phase shift depends

on the powers in all channels and would vary from bit to bit depending on the bit pattern

of the neighboring channels. If we assume equal channel powers, the phase shift in the
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worst case in which all channels simultaneously carry 1 bits and all pulses overlap is

given by

0y
NL = (y/a)(2M— \)Pj. (2.6.17)

It is difficult to estimate the impact of XPM on the performance of multichannel

lightwave systems. The reason is that the preceding discussion has implicitly assumed

that XPM acts in isolation without dispersive effects and is valid only for CW opti-

cal beams. In practice, pulses in different channels travel at different speeds. The

XPM-induced phase shift can occur only when two pulses overlap in time. For widely

separated channels they overlap for such a short time that XPM effects are virtually

negligible. On the other hand, pulses in neighboring channels will overlap long enough

forXPM effects to accumulate. These arguments show that Eq. (2.6. 17) cannot be used

to estimate the limiting input power.

A common method for studying the impact of SPM and XPM uses a numerical

approach. Equation (2.4.9) can be generalized to include the SPM and XPM effects by

adding a nonlinear term. The resulting equation is known as the nonlinear Schrodinger

equation and has the form [31]

dA ip2 d 2A

dz 2 dt2

a
--A + iy\A\

z
A, (2.6.18)

where we neglected the third-order dispersion and added the term containing a to ac-

count for fiber losses. This equation is quite useful for designing lightwave systems

and will be used in later chapters.

Since the nonlinear parameter y depends inversely on the effective core area, the

impact of fiber nonlinearities can be reduced considerably by enlargingA eff. As seen in

Table 2. 1, A eff is about 80 /im
2
for standard fibers but reduces to 50 gm 2

for dispersion-

shifted fibers. A new kind of fiber known as large effective-area fiber (LEAF) has been

developed for reducing the impact of fiber nonlinearities. The nonlinear effects are not

always detrimental for lightwave systems. Numerical solutions of Eq. (2.6.18) show

that dispersion-induced broadening of optical pulses is considerably reduced in the case

of anomalous dispersion [81 ]. In fact, an optical pulse can propagate without distortion

if the peak power of the pulse is chosen to correspond to a fundamental soliton. Solitons

and their use for communication systems are discussed in Chapter 9.

2.6.3 Four-Wave Mixing

The power dependence of the refractive index seen in Eq. (2.6.12) has its origin in the

third-order nonlinear susceptibility denoted by x ® [73]. The nonlinear phenomenon,

known as four-wave mixing (FWM), also originates from % (

3
). If three optical fields

with carrier frequencies (0 \, CO2 , and 0)3 copropagate inside the fiber simultaneously,

^( 3
) generates a fourth field whose frequency (04 is related to other frequencies by a

relation CO4 = (0\ =b o>2 ± CO3 . Several frequencies corresponding to different plus and

minus sign combinations are possible in principle. In practice, most of these com-

binations do not build up because of a phase-matching requirement [31]. Frequency

combinations of the form 0)4 = C0\ + CO2 — &>3 are often troublesome for multichannel

communication systems since they can become nearly phase-matched when channel
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wavelengths lie close to the zero-dispersion wavelength. In fact, the degenerate FWM
process for which co \

= CO2 is often the dominant process and impacts the system per-

formance most.

On a fundamental level, a FWM process can be viewed as a scattering process in

which two photons of energies hco\ and ha>2 are destroyed, and their energy appears in

the form of two new photons of energies hco^ and #0)4 . The phase-matching condition

then stems from the requirement of momentum conservation. Since all four waves

propagate in the same direction, the phase mismatch can be written as

A = p (co3 ) + p (co4 ) -p((Oi)-p (m2 ), (2.6. 19)

where /3 (m) is the propagation constant for an optical field with frequency co. In the

degenerate case, CO2 = co\ , CO3 = (0\ + Q, and CO3 = C0 \

— Q, where Q represents the

channel spacing. Using the Taylor expansion in Eq. (2.4.4), we find that the /3o and

Pi terms cancel, and the phase mismatch is simply A = p2&2
- The FWM process is

completely phase matched when P 2 = 0. When P2 is small (<1 ps2/km) and channel

spacing is also small (Q < 100 GHz), this process can still occur and transfer power

from each channel to its nearest neighbors. Such a power transfer not only results in

the power loss for the channel but also induces interchannel crosstalk that degrades

the system performance severely. Modern WDM systems avoid FWM by using the

technique of dispersion management in which GVD is kept locally high in each fiber

section even though it is low on average (see Chapter 7). Commercial dispersion-

shifted fibers are designed with a dispersion of about 4 ps/(km-nm), a value found

large enough to suppress FWM.
FWM can also be useful in designing lightwave systems. It is often used for de-

multiplexing individual channels when time-division multiplexing is used in the optical

domain. It can also be used for wavelength conversion. FWM in optical fibers is some-

times used for generating a spectrally inverted signal through the process of optical

phase conjugation. As discussed in Chapter 7, this technique is useful for dispersion

compensation.

2.7 Fiber Manufacturing

The final section is devoted to the engineering aspects of optical fibers. Manufactur-

ing of fiber cables, suitable for installation in an actual lightwave system, involves

sophisticated technology with attention to many practical details. Since such details

are available in several texts ( 12]—[17], the discussion here is intentionally brief.

2.7.1 Design Issues

In its simplest form, a step-index fiber consists of a cylindrical core surrounded by a

cladding layer whose index is slightly lower than the core. Both core and cladding

use silica as the base material; the difference in the refractive indices is realized by

doping the core, or the cladding, or both. Dopants such as Ge02 and P2O5 increase

the refractive index of silica and are suitable for the core. On the other hand, dopants

such as B 2O3 and fluorine decrease the refractive index of silica and are suitable for
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Figure 2.20: Several index profiles used in the design of single-mode fibers. Upper and lower

rows correspond to standard and dispersion-shifted fibers, respectively.

the cladding. The major design issues are related to the refractive-index profile, the

amount of dopants, and the core and cladding dimensions [82]—[86] . The diameter of

the outermost cladding layer has the standard value of 125 fim for all communication-

grade fibers.

Figure 2.20 shows typical index profiles that have been used for different kinds of

fibers. The top row corresponds to standard fibers which are designed to have minimum
dispersion near 1 .3 gm with a cutoff wavelength in the range 1 . 1-1 .2 gm. The simplest

design [Fig. 2.20(a)] consists of a pure-silica cladding and a core doped with GeC>2 to

obtain A ^ 3 x 10
-3

. A commonly used variation [Fig. 2.20(b)] lowers the cladding

index over a region adjacent to the core by doping it with fluorine. It is also possible to

have an undoped core by using a design shown in Fig 2.20(c). The fibers of this kind

are referred to as doubly clad or depressed-cladding fibers [82]. They are also called

W fibers, reflecting the shape of the index profile. The bottom row in Fig. 2.20 shows

three index profiles used for dispersion-shifted fibers for which the zero-dispersion

wavelength is chosen in the range 1.45-1.60 gm (see Table 2.1). A triangular index

profile with a depressed or raised cladding is often used for this purpose [83]-[85]. The

refractive indices and the thickness of different layers are optimized to design a fiber

with desirable dispersion characteristics [86]. Sometimes as many as four cladding

layers are used for dispersion-flattened fibers (see Fig. 2.1 1).

2.7.2 Fabrication Methods

Fabrication of telecommunication-grade silica fibers involves two stages. In the first

stage a vapor-deposition method is used to make a cylindrical preform with the desired

refractive-index profile. The preform is typically 1 m long and 2 cm in diameter and

contains core and cladding layers with correct relative dimensions. In the second stage,

the preform is drawn into a fiber by using a precision-feed mechanism that feeds the

preform into a furnace at the proper speed.
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BUBBLERS TRANSLATION

Figure 2.21: MCVD process commonly used for fiber fabrication. (After Ref. [87]; ©1985
Academic Press; reprinted with permission.)

Several methods can be used to make the preform. The three commonly used meth-

ods [87]—[89] are modified chemical-vapor deposition (MCVD), outside-vapor deposi-

tion (OVD), and vapor-axial deposition (VAD). Figure 2.21 shows a schematic diagram

of the MCVD process. In this process, successive layers of Si02 are deposited on the

inside of a fused silica tube by mixing the vapors of SiCU and O2 at a temperature

of about 1800°C. To ensure uniformity, a multiburner torch is moved back and forth

across the tube length using an automatic translation stage. The refractive index of the

cladding layers is controlled by adding fluorine to the tube. When a sufficient cladding

thickness has been deposited, the core is formed by adding the vapors of GeCl 4 or

POCI3 . These vapors react with oxygen to form the dopants GeC>2 and P2O5 :

GeCU + O2 —» Ge02 + 2CI2,

4P0C13 + 302 2P205 + 6C12 .

The flow rate of GeCU or POCI3 determines the amount of dopant and the correspond-

ing increase in the refractive index of the core. A triangular-index core can be fabri-

cated simply by varying the flow rate from layer to layer. When all layers forming the

core have been deposited, the torch temperature is raised to collapse the tube into a

solid rod of preform.

The MCVD process is also known as the inner-vapor-deposition method, as the

core and cladding layers are deposited inside a silica tube. In a related process, known

as the plasma-activated chemical vapor deposition process [90], the chemical reaction

is initiated by a microwave plasma. By contrast, in the OVD and VAD processes the

core and cladding layers are deposited on the outside of a rotating mandrel by using the

technique offlame hydrolysis. The mandrel is removed prior to sintering. The porous

soot boule is then placed in a sintering furnace to form a glass boule. The central hole

allows an efficient way of reducing water vapors through dehydration in a controlled

atmosphere of CU-He mixture, although it results in a central dip in the index profile.

The dip can be minimized by closing the hole during sintering.

The fiber drawing step is essentially the same irrespective of the process used to

make the preform [91]. Figure 2.22 shows the drawing apparatus schematically. The

preform is fed into a furnace in a controlled manner where it is heated to a temperature

of about 2000°C. The melted preform is drawn into a fiber by using a precision-feed

mechanism. The fiber diameter is monitored optically by diffracting light emitted by

a laser from the fiber. A change in the diameter changes the diffraction pattern, which
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Winding

drum

Downfeed

Figure 2.22: Apparatus used for fiber drawing.

in turn changes the photodiode current. This current change acts as a signal for a

servocontrol mechanism that adjusts the winding rate of the fiber. The fiber diameter

can be kept constant to within 0.1% by this technique. A polymer coating is applied to

the fiber during the drawing step. It serves a dual purpose, as it provides mechanical

protection and preserves the transmission properties of the fiber. The diameter of the

coated fiber is typically 250 gm, although it can be as large as 900 gm when multiple

coatings are used. The tensile strength of the fiber is monitored during its winding

on the drum. The winding rate is typically 0.2-0.5 m/s. Several hours are required

to convert a single preform into a fiber of about 5 km length. This brief discussion

is intended to give a general idea. The fabrication of optical fiber generally requires

attention to a large number of engineering details discussed in several texts [17].

2.7.3 Cables and Connectors

Cabling of fibers is necessary to protect them from deterioration during transportation

and installation [92]. Cable design depends on the type of application. For some
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Tight jacket Loose tube Slotted tube

Figure 2.23: Typical designs for light-duty fiber cables.

applications it may be enough to buffer the fiber by placing it inside a plastic jacket.

For others the cable must be made mechanically strong by using strengthening elements

such as steel rods.

A light-duty cable is made by surrounding the fiber by a buffer jacket of hard plas-

tic. Figure 2.23 shows three simple cable designs. A tight jacket can be provided by

applying a buffer plastic coating of 0.5-1 mm thickness on top of the primary coating

applied during the drawing process. In an alternative approach the fiber lies loosely

inside a plastic tube. Microbending losses are nearly eliminated in this loose-tube con-

struction, since the fiber can adjust itself within the tube. This construction can also

be used to make multifiber cables by using a slotted tube with a different slot for each

fiber.

Heavy-duty cables use steel or a strong polymer such as Kevlar to provide the

mechanical strength. Figure 2.24 shows schematically three kinds of cables. In the

loose-tube construction, fiberglass rods embedded in polyurethane and a Kevlar jacket

provide the necessary mechanical strength (left drawing). The same design can be

extended to multifiber cables by placing several loose-tube fibers around a central steel

core (middle drawing). When a large number of fibers need to be placed inside a single

cable, a ribbon cable is used (right drawing). The ribbon is manufactured by packaging

typically 12 fibers between two polyester tapes. Several ribbons are then stacked into a

Figure 2.24: Typical designs for heavy-duty fiber cables.
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rectangular array which is placed inside a polyethylene tube. The mechanical strength

is provided by using steel rods in the two outermost polyethylene jackets. The outer

diameter of such fiber cables is about 1-1.5 cm.

Connectors are needed to use optical fibers in an actual communication system.

They can be divided into two categories. A permanent joint between two fibers is

known as a fiber splice, and a detachable connection between them is realized by using

a fiber connector. Connectors are used to link fiber cable with the transmitter (or the

receiver), while splices are used to join fiber segments (usually 5-10 km long). The

main issue in the use of splices and connectors is related to the loss. Some power is

always lost, as the two fiber ends are never perfectly aligned in practice. Splice losses

below 0.1 dB are routinely realized by using the technique of fusion splicing [93].

Connector losses are generally larger. State-of-the-art connectors provide an average

loss of about 0.3 dB [94]. The technology behind the design of splices and connectors

is quite sophisticated. For details, the reader is referred to Ref. [95], a book devoted

entirely to this issue.

Problems

2.1 A multimode fiber with a 50-/im core diameter is designed to limit the inter-

modal dispersion to 10 ns/km. What is the numerical aperture of this fiber?

What is the limiting bit rate for transmission over 10 km at 0.88 /im? Use 1.45

for the refractive index of the cladding.

2.2 Use the ray equation in the paraxial approximation [Eq. (2.1.8)] to prove that

intermodal dispersion is zero for a graded-index fiber with a quadratic index

profile.

2.3 Use Maxwell’s equations to express the field components Ep , Eq, Hp , and H

$

in

terms ofEz and Hz and obtain Eqs. (2.2.29)-(2.2.32).

2.4 Derive the eigenvalue equation (2.2.33) by matching the boundary conditions at

the core-cladding interface of a step-index fiber.

2.5 A single-mode fiber has an index step n i
— ri2 = 0.005. Calculate the core radius

if the fiber has a cutoff wavelength of 1 /im. Estimate the spot size (FWHM) of

the fiber mode and the fraction of the mode power inside the core when this fiber

is used at 1.3 /im. Use n\ = 1.45.

2.6 A 1.55-jUm unchirped Gaussian pulse of 100-ps width (FWHM) is launched into

a single-mode fiber. Calculate its FWHM after 50 km if the fiber has a dispersion

of 16 ps/(km-nm). Neglect the source spectral width.

2.7 Derive an expression for the confinement factor T of single-mode fibers defined

as the fraction of the total mode power contained inside the core. Use the Gaus-

sian approximation for the fundamental fiber mode. Estimate T for V = 2.

2.8 A single-mode fiber is measured to have X 2
(d

2n/dX 2
)
= 0.02 at 0.8 /im. Cal-

culate the dispersion parameters and D.
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2.9

Show that a chirped Gaussian pulse is compressed initially inside a single-mode

fiber when ftC < 0. Derive expressions for the minimum width and the fiber

length at which the minimum occurs.

2.10 Estimate the limiting bit rate for a 60-km single-mode fiber link at 1.3- and 1 .55-

gm wavelengths assuming transform-limited, 50-ps (FWHM) input pulses. As-

sume that ft = 0 and —20 ps 2/km and ft = 0.
1 ps

3/km and 0 at 1 .3- and 1 .55-/im

wavelengths, respectively. Also assume that V& <C 1.

2.11 A 0.88-/im communication system transmits data over a 10-km single-mode

fiber by using 10-ns (FWHM) pulses. Determine the maximum bit rate if the

LED has a spectral FWHM of 30 nm. Use D = — 80 ps/(km-nm).

2.12 Use Eq. (2.4.23) to prove that the bit rate of an optical communication system op-

erating at the zero-dispersion wavelength is limited by BL\S\o^ < 1/ a/8, where

S = dD/dX and a

\

is the RMS spectral width of the Gaussian source spectrum.

Assume that C = 0 and 1 in the general expression of the output pulse

width.

2.13 Repeat Problem 2. 12 for the case of a single-mode semiconductor laser for which

1 and show that the bit rate is limited by ftlftlL)
1 /3 < 0.324. What is the

limiting bit rate for L = 100 km if ^3 = 0.1 ps3/km?

2.14 An optical communication system is operating with chirped Gaussian input pulses.

Assume that ft = 0 and V& <C 1 in Eq. (2.4.23) and obtain a condition on the bit

rate in terms of the parameters C, ft, and L.

2.15 A 1.55-jUm optical communication system operating at 5 Gb/s is using Gaus-

sian pulses of width 100 ps (FWHM) chirped such that C = —6. What is the

dispersion-limited maximum fiber length? How much will it change if the pulses

were unchirped? Neglect laser linewidth and assume that ft = — 20 ps2/km.

2.16 A 1.3-jum lightwave system uses a 50-km fiber link and requires at least 0.3 gW
at the receiver. The fiber loss is 0.5 dB/km. Fiber is spliced every 5 km and has

two connectors of 1-dB loss at both ends. Splice loss is only 0.2 dB. Determine

the minimum power that must be launched into the fiber.

2.17 A 1.55-jum continuous-wave signal with 6-dBm power is launched into a fiber

with 50-/1m2
effective mode area. After what fiber length would the nonlinear

phase shift induced by SPM become 2nl Assume ri 2 = 2.6 x 10 20 m2/W and

neglect fiber losses.

2.18 Calculate the threshold power for stimulated Brillouin scattering for a 50-km

fiber link operating at 1.3 gm and having a loss of 0.5 dB/km. How much does

the threshold power change if the operating wavelength is changed to 1.55 jUm,

where the fiber loss is only 0.2 dB/km? Assume that A eff = 50 gm2 and gg =
5 x 10

-11 m/W at both wavelengths.

2.19 Calculate the power launched into a 40-km-long single-mode fiber for which

the SPM-induced nonlinear phase shift becomes 180°. Assume A = 1.55 gm,

Aeff = 40 gm2
, a = 0.2 dB/km, and n 2 = 2.6 x 10"20 m2/W.
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2.20 Find the maximum frequency shift occurring because of the SPM-induced chirp

imposed on a Gaussian pulse of 20-ps width (FWHM) and 5-mW peak power af-

ter it has propagated 100 km. Use the fiber parameters of the preceding problem

but assume a = 0.
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Chapter 3

Optical Transmitters

The role of the optical transmitter is to convert an electrical input signal into the cor-

responding optical signal and then launch it into the optical fiber serving as a commu-

nication channel. The major component of optical transmitters is an optical source.

Fiber-optic communication systems often use semiconductor optical sources such as

light-emitting diodes (LEDs) and semiconductor lasers because of several inherent ad-

vantages offered by them. Some of these advantages are compact size, high efficiency,

good reliability, right wavelength range, small emissive area compatible with fiber-

core dimensions, and possibility of direct modulation at relatively high frequencies.

Although the operation of semiconductor lasers was demonstrated as early as 1962,

their use became practical only after 1970, when semiconductor lasers operating con-

tinuously at room temperature became available [1]. Since then, semiconductor lasers

have been developed extensively because of their importance for optical communica-

tions. They are also known as laser diodes or injection lasers, and their properties have

been discussed in several recent books [2]—[16]. This chapter is devoted to LEDs and

semiconductor lasers and their applications in lightwave systems. After introducing

the basic concepts in Section 3.1, LEDs are covered in Section 3.2, while Section 3.3

focuses on semiconductor lasers. We describe single-mode semiconductor lasers in

Section 3.4 and discuss their operating characteristics in Section 3.5. The design issues

related to optical transmitters are covered in Section 3.6.

3.1 Basic Concepts

Under normal conditions, all materials absorb light rather than emit it. The absorption

process can be understood by referring to Fig. 3.1, where the energy levels E \ and E2

correspond to the ground state and the excited state of atoms of the absorbing medium.

If the photon energy hv of the incident light of frequency v is about the same as the

energy difference Eg = E2 — E\, the photon is absorbed by the atom, which ends up in

the excited state. Incident light is attenuated as a result of many such absorption events

occurring inside the medium.

77
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Figure 3.1: Three fundamental processes occurring between the two energy states of an atom:

(a) absorption; (b) spontaneous emission; and (c) stimulated emission.

The excited atoms eventually return to their normal “ground” state and emit light

in the process. Light emission can occur through two fundamental processes known as

spontaneous emission and stimulated emission. Both are shown schematically in Fig.

3.1. In the case of spontaneous emission, photons are emitted in random directions with

no phase relationship among them. Stimulated emission, by contrast, is initiated by an

existing photon. The remarkable feature of stimulated emission is that the emitted

photon matches the original photon not only in energy (or in frequency), but also in

its other characteristics, such as the direction of propagation. All lasers, including

semiconductor lasers, emit light through the process of stimulated emission and are

said to emit coherent light. In contrast, LEDs emit light through the incoherent process

of spontaneous emission.

3.1.1 Emission and Absorption Rates

Before discussing the emission and absorption rates in semiconductors, it is instructive

to consider a two-level atomic system interacting with an electromagnetic field through

transitions shown in Fig. 3.1. If N\ and N2 are the atomic densities in the ground and

the excited states, respectively, and pph{y) is the spectral density of the electromagnetic

energy, the rates of spontaneous emission, stimulated emission, and absorption can be

written as [17]

^spon =an2 , ^stim — BN2pem? ^abs — B N\ Pem •> (3.1.1)

where A, B , and B' are constants. In thermal equilibrium, the atomic densities are

distributed according to the Boltzmann statistics [18], i.e.,

N2/Ni = exp(~Eg/kBT)
= exp(~hv/kBT), (3.1.2)

where ks is the Boltzmann constant and T is the absolute temperature. Since N\ andN2

do not change with time in thermal equilibrium, the upward and downward transition

rates should be equal, or

AN2 + BN2ptm = B'Nx pem- (3.1.3)

By using Eq. (3.1.2) in Eq. (3.1.3), the spectral density p em becomes

A/B
Pem “ (B'/B)exp(liv/kBT)- 1'

(3.1.4)
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In thermal equilibrium, pem should be identical with the spectral density of blackbody

radiation given by Planck’sformula [18]

_ 8nhv3
fc

3

^em
exp(hv/ksT) — 1

A comparison of Eqs. (3.1.4) and (3.1.5) provides the relations

A=(Snhv 3
/c

3
)B

;
B' = B. (3.1.6)

These relations were first obtained by Einstein [17]. For this reason, A and B are called

Einstein’s coefficients.

Two important conclusions can be drawn from Eqs. (3.1 . l)-(3. 1 .6). First, R spon can

exceed both R stim and Rabs considerably if kgT > hv. Thermal sources operate in this

regime. Second, for radiation in the visible or near-infrared region (hv ~ 1 eV), spon-

taneous emission always dominates over stimulated emission in thermal equilibrium at

room temperature (kgT ^25 meV) because

^stim/^spon = [exp(hv/kBT) - l]”
1 < 1. (3.1.7)

Thus, all lasers must operate away from thermal equilibrium. This is achieved by

pumping lasers with an external energy source.

Even for an atomic system pumped externally, stimulated emission may not be

the dominant process since it has to compete with the absorption process. R stim can

exceed Rabs only when N2 > N\. This condition is referred to as population inversion

and is never realized for systems in thermal equilibrium [see Eq. (3.1.2)]. Population

inversion is a prerequisite for laser operation. In atomic systems, it is achieved by using

three- and four-level pumping schemes [18] such that an external energy source raises

the atomic population from the ground state to an excited state lying above the energy

state E2 in Fig. 3.1.

The emission and absorption rates in semiconductors should take into account the

energy bands associated with a semiconductor [5]. Figure 3.2 shows the emission pro-

cess schematically using the simplest band structure, consisting of parabolic conduc-

tion and valence bands in the energy-wave-vector space (E-k diagram). Spontaneous

emission can occur only if the energy state E 2 is occupied by an electron and the energy

state E\ is empty (i.e., occupied by a hole). The occupation probability for electrons in

the conduction and valence bands is given by the Fermi-Dirac distributions [5]

fc(E2 ) = {1 + exp[{E2 -Efc)/kBT]}-\ (3.1.8)

fv(Ei) = {\ + ^v[{Ei-Efv)/kBT}}-\ (3.1.9)

where Efc and Efv are the Fermi levels. The total spontaneous emission rate at a

frequency co is obtained by summing over all possible transitions between the two

bands such that E2 — E\ = Ee

m

= hco , where co = 2;rv, h = h/ln, and Eem is the

energy of the emitted photon. The result is

^spon(tt)) A(EuE2)fc (E2)[l-MEl )]PcvdE2 ,
(3.1.10)
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Figure 3.2: Conduction and valence bands of a semiconductor. Electrons in the conduction band

and holes in the valence band can recombine and emit a photon through spontaneous emission

as well as through stimulated emission.

where pcv is the joint density of states, defined as the number of states per unit volume

per unit energy range, and is given by [18]

Pn>= (nm - Eg)'
/2

- O-l-H)

In this equation, Eg is the bandgap and m r is the reduced mass, defined as m r =
mcmv/(mc + mv ), where mc and mv are the effective masses of electrons and holes in

the conduction and valence bands, respectively. Since p cv is independent of £2 in Eq.

(3.1.10), it can be taken outside the integral. By contrast, A(£ 1 ,£2 )
generally depends

on £2 and is related to the momentum matrix element in a semiclassical perturbation

approach commonly used to calculate it [2].

The stimulated emission and absorption rates can be obtained in a similar manner

and are given by

*stim(©)= / B(£i,£2 )/c(£2)[l-/v(£l)]PcyPemd£2, (3.1.12)

£absM= / 5(£l,£2)/v(£l)[l-/C(£2)]PcvPemd£2, (3.1.13)
JEr

where pem ((Q) is the spectral density of photons introduced in a manner similar to Eq.

(3.1.1). The population-inversion condition R stim > £abs is obtained by comparing Eqs.

(3.1.12) and (3.1.13), resulting in fc {Ei) > /v (£ 1 ). If we use Eqs. (3.1.8) and (3.1.9),

this condition is satisfied when

Efc — Efv > £2 — £1 > Eg • (3.1.14)
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Since the minimum value ofE2 — E\ equals Eg , the separation between the Fermi levels

must exceed the bandgap for population inversion to occur [19]. In thermal equilib-

rium, the two Fermi levels coincide (Efc = Efv). They can be separated by pumping

energy into the semiconductor from an external energy source. The most convenient

way for pumping a semiconductor is to use a forward-biased p-n junction.

3.1.2 p-n Junctions

At the heart of a semiconductor optical source is the p-n junction, formed by bringing a

/7-type and an n-type semiconductor into contact. Recall that a semiconductor is made

n-type or /7-type by doping it with impurities whose atoms have an excess valence

electron or one less electron compared with the semiconductor atoms. In the case of n-

type semiconductor, the excess electrons occupy the conduction-band states, normally

empty in undoped (intrinsic) semiconductors. The Fermi level, lying in the middle of

the bandgap for intrinsic semiconductors, moves toward the conduction band as the

dopant concentration increases. In a heavily doped n-type semiconductor, the Fermi

level Efc lies inside the conduction band; such semiconductors are said to be degen-

erate. Similarly, the Fermi level E

f

v moves toward the valence band for /7-type semi-

conductors and lies inside it under heavy doping. In thermal equilibrium, the Fermi

level must be continuous across the p-n junction. This is achieved through diffusion

of electrons and holes across the junction. The charged impurities left behind set up

an electric field strong enough to prevent further diffusion of electrons and holds under

equilibrium conditions. This field is referred to as the built-in electric field. Figure

3.3(a) shows the energy-band diagram of a p-n junction in thermal equilibrium and

under forward bias.

When a p-n junction is forward biased by applying an external voltage, the built-

in electric field is reduced. This reduction results in diffusion of electrons and holes

across the junction. An electric current begins to flow as a result of carrier diffusion.

The current I increases exponentially with the applied voltage V according to the well-

known relation [5]

I = Is [exp(qV/kBT)-i\, (3.1.15)

where Is is the saturation current and depends on the diffusion coefficients associated

with electrons and holes. As seen in Fig. 3.3(a), in a region surrounding the junc-

tion (known as the depletion width), electrons and holes are present simultaneously

when the p-n junction is forward biased. These electrons and holes can recombine

through spontaneous or stimulated emission and generate light in a semiconductor op-

tical source.

The p—n junction shown in Fig. 3.3(a) is called the homojunction , since the same

semiconductor material is used on both sides of the junction. A problem with the ho-

mojunction is that electron-hole recombination occurs over a relatively wide region

(~ 1-10 pm) determined by the diffusion length of electrons and holes. Since the car-

riers are not confined to the immediate vicinity of the junction, it is difficult to realize

high carrier densities. This carrier-confinement problem can be solved by sandwiching

a thin layer between the /7-type and 72-type layers such that the bandgap of the sand-

wiched layer is smaller than the layers surrounding it. The middle layer may or may
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K

Eu

(b)

Figure 3.3: Energy-band diagram of (a) homostructure and (b) double-heterostructure p-nJunc-

tions in thermal equilibrium (top) and under forward bias (bottom).

not be doped, depending on the device design; its role is to confine the carriers injected

inside it under forward bias. The carrier confinement occurs as a result of bandgap

discontinuity at the junction between two semiconductors which have the same crys-

talline structure (the same lattice constant) but different bandgaps. Such junctions are

called heterojunctions , and such devices are called double heterostructures. Since the

thickness of the sandwiched layer can be controlled externally (typically, ~0.1 gm),

high carrier densities can be realized at a given injection current. Figure 3.3(b) shows

the energy-band diagram of a double heterostructure with and without forward bias.

The use of a heterostructure geometry for semiconductor optical sources is doubly

beneficial. As already mentioned, the bandgap difference between the two semicon-

ductors helps to confine electrons and holes to the middle layer, also called the active

layer since light is generated inside it as a result of electron-hole recombination. How-

ever, the active layer also has a slightly larger refractive index than the surrounding

p-type and n-type cladding layers simply because its bandgap is smaller. As a result

of the refractive-index difference, the active layer acts as a dielectric waveguide and

supports optical modes whose number can be controlled by changing the active-layer

thickness (similar to the modes supported by a fiber core). The main point is that a

heterostructure confines the generated light to the active layer because of its higher

refractive index. Figure 3.4 illustrates schematically the simultaneous confinement of

charge carriers and the optical field to the active region through a heterostructure de-

sign. It is this feature that has made semiconductor lasers practical for a wide variety

of applications.
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Figure 3.4: Simultaneous confinement of charge carriers and optical field in a double-

heterostructure design. The active layer has a lower bandgap and a higher refractive index than

those of p-type and n-type cladding layers.

3.1.3 Nonradiative Recombination

When a p-n junction is forward-biased, electrons and holes are injected into the ac-

tive region, where they recombine to produce light. In any semiconductor, electrons

and holes can also recombine nonradiatively. Nonradiative recombination mechanisms

include recombination at traps or defects, surface recombination, and the Auger recom-

bination [5]. The last mechanism is especially important for semiconductor lasers emit-

ting light in the wavelength range 1.3-1.6 gm because of a relatively small bandgap

of the active layer [2]. In the Auger recombination process, the energy released dur-

ing electron-hole recombination is given to another electron or hole as kinetic energy

rather than producing light.

From the standpoint of device operation, all nonradiative processes are harmful, as

they reduce the number of electron-hole pairs that emit light. Their effect is quantified

through the internal quantum efficiency, defined as

flint
=

*tot

RIT

Rrr + Rnr

(3.1.16)

where Rn is the radiative recombination rate, Rm is the nonradiative recombination
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rate, and Rtot = Rrr + ^nr is the total recombination rate. It is customary to introduce

the recombination times Tn and Tnr using Rn = N/Tn and Rnv = N/zm , where N is the

carrier density. The internal quantum efficiency is then given by

nint
=—

•
(3.1.17)

The radiative and nonradiative recombination times vary from semiconductor to

semiconductor. In general, Tn and Tnr are comparable for direct-bandgap semicon-

ductors, whereas Tnr is a small fraction (~ 10
-5

) of Tn- for semiconductors with an

indirect bandgap. A semiconductor is said to have a direct bandgap if the conduction-

band minimum and the valence-band maximum occur for the same value of the elec-

tron wave vector (see Fig. 3.2). The probability of radiative recombination is large in

such semiconductors, since it is easy to conserve both energy and momentum during

electron-hole recombination. By contrast, indirect-bandgap semiconductors require

the assistance of a phonon for conserving momentum during electron-hole recombina-

tion. This feature reduces the probability of radiative recombination and increases in-

considerably compared with Tnr in such semiconductors. As evident from Eq. (3.1.17),

r/int 1 under such conditions. Typically, r/int ~ 10
-5

for Si and Ge, the two semicon-

ductors commonly used for electronic devices. Both are not suitable for optical sources

because of their indirect bandgap. For direct-bandgap semiconductors such as GaAs
and InP, rjint ~ 0.5 and approaches 1 when stimulated emission dominates.

The radiative recombination rate can be written as R rv = /?spon + ^stim when radia-

tive recombination occurs through spontaneous as well as stimulated emission. For

LEDs, Rstim is negligible compared with jR sp0n, and Rn in Eq. (3.1.16) is replaced with

/?Spon* Typically, R spon and Rm are comparable in magnitude, resulting in an internal

quantum efficiency of about 50%. However, rjint approaches 100% for semiconductor

lasers as stimulated emission begins to dominate with an increase in the output power.

It is useful to define a quantity known as the carrier lifetime Tc such that it rep-

resents the total recombination time of charged carriers in the absence of stimulated

recombination. It is defined by the relation

^spon + -^nr = N/Tc , (3.1.18)

where N is the carrier density. If R spon and Rm vary linearly with A, Tc becomes a

constant. In practice, both of them increase nonlinearly with N such that R spon + Rm =
AnrA + BN2 + CA3

, where A nr is the nonradiative coefficient due to recombination at

defects or traps, B is the spontaneous radiative recombination coefficient, and C is the

Auger coefficient. The carrier lifetime then becomes A dependent and is obtained by

using Tf
l = Anr + BN + CA2

. In spite of its A dependence, the concept of carrier

lifetime xc is quite useful in practice.

3.1.4 Semiconductor Materials

Almost any semiconductor with a direct bandgap can be used to make ap-n homojunc-

tion capable of emitting light through spontaneous emission. The choice is, however,

considerably limited in the case of heterostructure devices because their performance
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Figure 3.5: Lattice constants and bandgap energies of ternary and quaternary compounds formed

by using nine group III-V semiconductors. Shaded area corresponds to possible InGaAsP and

AlGaAs structures. Horizontal lines passing through InP and GaAs show the lattice-matched

designs. (After Ref. [18]; ©1991 Wiley; reprinted with permission.)

depends on the quality of the heterojunction interface between two semiconductors of

different bandgaps. To reduce the formation of lattice defects, the lattice constant of the

two materials should match to better than 0.1%. Nature does not provide semiconduc-

tors whose lattice constants match to such precision. However, they can be fabricated

artificially by forming ternary and quaternary compounds in which a fraction of the

lattice sites in a naturally occurring binary semiconductor (e.g., GaAs) is replaced by

other elements. In the case of GaAs, a ternary compound Al*Gai_xAs can be made

by replacing a fraction x of Ga atoms by A1 atoms. The resulting semiconductor has

nearly the same lattice constant, but its bandgap increases. The bandgap depends on

the fraction x and can be approximated by a simple linear relation [2]

Eg (x) = 1.424+1.247* (0<*<0.45), (3.1.19)

where Eg is expressed in electron-volt (eV) units.

Figure 3.5 shows the interrelationship between the bandgap Eg and the lattice con-

stant a for several ternary and quaternary compounds. Solid dots represent the binary

semiconductors, and lines connecting them corresponds to ternary compounds. The

dashed portion of the line indicates that the resulting ternary compound has an indirect

bandgap. The area of a closed polygon corresponds to quaternary compounds. The
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bandgap is not necessarily direct for such semiconductors. The shaded area in Fig.

3.5 represents the ternary and quaternary compounds with a direct bandgap formed by

using the elements indium (In), gallium (Ga), arsenic (As), and phosphorus (P).

The horizontal line connecting GaAs and AlAs corresponds to the ternary com-

pound AlxGai_xAs, whose bandgap is direct for values of x up to about 0.45 and is

given by Eq. (3. 1 . 19). The active and cladding layers are formed such that x is larger for

the cladding layers compared with the value of x for the active layer. The wavelength

of the emitted light is determined by the bandgap since the photon energy is approxi-

mately equal to the bandgap. By using Eg « hv = hc/X, one finds that X ~ 0.87 fim

for an active layer made of GaAs (Eg = 1.424 eV). The wavelength can be reduced to

about 0.81 fim by using an active layer with x = 0.1. Optical sources based on GaAs
typically operate in the range 0.81-0.87 gm and were used in the first generation of

fiber-optic communication systems.

As discussed in Chapter 2, it is beneficial to operate lightwave systems in the wave-

length range 1.3-1.6 /im, where both dispersion and loss of optical fibers are consider-

ably reduced compared with the 0. 85-/1m region. InP is the base material for semicon-

ductor optical sources emitting light in this wavelength region. As seen in Fig. 3.5 by

the horizontal line passing through InP, the bandgap of InP can be reduced consider-

ably by making the quaternary compound In i_xGaxAs-yPi_y while the lattice constant

remains matched to InP. The fractions x and y cannot be chosen arbitrarily but are re-

lated by x/y = 0.45 to ensure matching of the lattice constant. The bandgap of the

quaternary compound can be expressed in terms of y only and is well approximated

by [2]

Eg (y) = 1 .35 — 0.72y+ 0. 1 2y
2

,
(3.1.20)

where 0 <y<l. The smallest bandgap occurs for y = 1 . The corresponding ternary

compound Ino.55Gao.45As emits light near 1.65 fim (Eg = 0.75 eV). By a suitable

choice of the mixing fractions x and y, Ini_xGaxAsJPi_J sources can be designed to

operate in the wide wavelength range 1 .0-1 .65 gm that includes the region 1 .3-1 .6gm
important for optical communication systems.

The fabrication of semiconductor optical sources requires epitaxial growth of mul-

tiple layers on a base substrate (GaAs or InP). The thickness and composition of each

layer need to be controlled precisely. Several epitaxial growth techniques can be used

for this purpose. The three primary techniques are known as liquid-phase epitaxy

(LPE), vapor-phase epitaxy (VPE), and molecular-beam epitaxy (MBE) depending

on whether the constituents of various layers are in the liquid form, vapor form, or

in the form of a molecular beam. The VPE technique is also called chemical-vapor

deposition. A variant of this technique is metal-organic chemical-vapor deposition

(MOCVD), in which metal alkalis are used as the mixing compounds. Details of these

techniques are available in the literature [2].

Both the MOCVD and MBE techniques provide an ability to control layer thick-

ness to within 1 nm. In some lasers, the thickness of the active layer is small enough

that electrons and holes act as if they are confined to a quantum well. Such confinement

leads to quantization of the energy bands into subbands. The main consequence is that

the joint density of states pcv acquires a staircase-like structure [5]. Such a modifica-

tion of the density of states affects the gain characteristics considerably and improves
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the laser performance. Such quantum-well lasers have been studied extensively [14].

Often, multiple active layers of thickness 5-10 nm, separated by transparent barrier

layers of about 10 nm thickness, are used to improve the device performance. Such

lasers are called multiquantum-well (MQW) lasers. Another feature that has improved

the performance ofMQW lasers is the introduction of intentional, but controlled strain

within active layers. The use of thin active layers permits a slight mismatch between

lattice constants without introducing defects. The resulting strain changes the band

structure and improves the laser performance [5]. Such semiconductor lasers are called

strained MQW lasers. The concept of quantum-well lasers has also been extended to

make quantum-wire and quantum-dot lasers in which electrons are confined in more

than one dimension [14]. However, such devices were at the research stage in 2001.

Most semiconductor lasers deployed in lightwave systems use the MQW design.

3.2 Light-Emitting Diodes

A forward-biased p-n junction emits light through spontaneous emission, a pheno-

menon referred to as electroluminescence. In its simplest form, an LED is a forward-

biased p-n homojunction. Radiative recombination of electron-hole pairs in the deple-

tion region generates light; some of it escapes from the device and can be coupled into

an optical fiber. The emitted light is incoherent with a relatively wide spectral width

(30-60 nm) and a relatively large angular spread. In this section we discuss the char-

acteristics and the design of LEDs from the standpoint of their application in optical

communication systems [20].

3.2.1 Power-Current Characteristics

It is easy to estimate the internal power generated by spontaneous emission. At a given

current I the carrier-injection rate is I/q. In the steady state, the rate of electron-hole

pairs recombining through radiative and nonradiative processes is equal to the carrier-

injection rate I/q. Since the internal quantum efficiency r/int determines the fraction of

electron-hole pairs that recombine through spontaneous emission, the rate of photon

generation is simply r\mJ/q. The internal optical power is thus given by

Pmi = t]m (h(o/q)I. (3.2.1)

where hco is the photon energy, assumed to be nearly the same for all photons. If rj ext

is the fraction of photons escaping from the device, the emitted power is given by

Pe — ^|ext^int
= f]extf]int(^tu/q)L (3.2.2)

The quantity rjext is called the external quantum efficiency. It can be calculated by

taking into account internal absorption and the total internal reflection at the semicon-

ductor-air interface. As seen in Fig. 3.6, only light emitted within a cone of angle

Gc ,
where 6C = sin

_1
(l /n) is the critical angle and n is the refractive index of the

semiconductor material, escapes from the LED surface. Internal absorption can be

avoided by using heterostructure LEDs in which the cladding layers surrounding the
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Figure 3.6: Total internal reflection at the output facet of an LED. Only light emitted within a

cone of angle 6C is transmitted, where 0C is the critical angle for the semiconductor-air interface.

active layer are transparent to the radiation generated. The external quantum efficiency

can then be written as

Hext= E
J°

c

Tf (
d )(2n sin9) dd, (3.2.3)

where we have assumed that the radiation is emitted uniformly in all directions over a

solid angle of 4/r. The Fresnel transmissivity Tf depends on the incidence angle 0. In

the case of normal incidence (0 = 0), 7/(0) = 4n/(n+ l)
2

. If we replace for simplicity

7/(0) by 7/(0) in Eq. (3.2.3), rj ext is given approximately by

J?ext
= «- 1 (n+l)-2

. (3.2.4)

By using Eq. (3.2.4) in Eq. (3.2.2) we obtain the power emitted from one facet (see

Fig. 3.6). If we use n = 3.5 as a typical value, rjext = 1.4%, indicating that only a small

fraction of the internal power becomes the useful output power. A further loss in useful

power occurs when the emitted light is coupled into an optical fiber. Because of the

incoherent nature of the emitted light, an LED acts as a Lambertian source with an

angular distribution S(0) = So cos 0, where So is the intensity in the direction 0 = 0.

The coupling efficiency for such a source [20] is r\ c = (NA) 2
. Since the numerical

aperture (NA) for optical fibers is typically in the range 0. 1-0.3, only a few percent of

the emitted power is coupled into the fiber. Normally, the launched power for LEDs is

100 /iW or less, even though the internal power can easily exceed 10 mW.
A measure of the LED performance is the total quantum efficiency rj tot, defined as

the ratio of the emitted optical power Pe to the applied electrical power, Peiec = Vo7,

where Vo is the voltage drop across the device. By using Eq. (3.2.2), rj tot is given by

ntot = T?extrimx{h(o/qV0). (3.2.5)

Typically, hco ~ qVo, and rj tot ~ PextPmt- The total quantum efficiency rj tot, also called

the power-conversion efficiency or the wall-plug efficiency , is a measure of the overall

performance of the device.
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Figure 3.7: (a) Power-current curves at several temperatures; (b) spectrum of the emitted light

for a typical 1.3-jUm LED. The dashed curve shows the theoretically calculated spectrum. (After

Ref. [21]; ©1983 AT&T; reprinted with permission.)

Another quantity sometimes used to characterize the LED performance is the re-

sponsivity defined as the ratio Reed = Pe/I- From Eq. (3.2.2),

^LED = 17extl]int(^d)/q). (3.2.6)

A comparison of Eqs. (3.2.5) and (3.2.6) shows that R led = rjtotVo- Typical values

of RLEd are 0.01 W/A. The responsivity remains constant as long as the linear re-

lation between Pe and I holds. In practice, this linear relationship holds only over a

limited current range [21]. Figure 3.7(a) shows the power-current (P—I) curves at sev-

eral temperatures for a typical 1.3-jUm LED. The responsivity of the device decreases

at high currents above 80 mA because of bending of the P-I curve. One reason for

this decrease is related to the increase in the active-region temperature. The internal

quantum efficiency rjint is generally temperature dependent because of an increase in

the nonradiative recombination rates at high temperatures.

3.2.2 LED Spectrum

As seen in Section 2.3, the spectrum of a light source affects the performance of op-

tical communication systems through fiber dispersion. The LED spectrum is related

to the spectrum of spontaneous emission, R sp0n(®)> given in Eq. (3.1.10). In general,

^spon(d)) is calculated numerically and depends on many material parameters. How-
ever, an approximate expression can be obtained ifA(E

\ ,£2 )
is assumed to be nonzero

only over a narrow energy range in the vicinity of the photon energy, and the Fermi

functions are approximated by their exponential tails under the assumption of weak
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injection [5]. The result is

^sponO) = A0(hco - Eg)
1/2 exp[-(hco - Eg)/kB T], (3.2.7)

where Aq is a constant and Eg is the bandgap. It is easy to deduce that R Spon{^>)

peaks when hco = Eg + ksT /2 and has a full-width at half-maximum (FWHM) Av ~

1.8kBT/h. At room temperature (T = 300 K) the FWHM is about 1 1 THz. In practice,

the spectral width is expressed in nanometers by using Av = (c/A 2)AA and increases

as A 2 with an increase in the emission wavelength A. As a result, AA is larger for In-

GaAsP LEDs emitting at 1.3 /im by about a factor of 1.7 compared with GaAs LEDs.

Figure 3.7(b) shows the output spectrum of a typical 1.3-jum LED and compares it

with the theoretical curve obtained by using Eq. (3.2.7). Because of a large spectral

width (AA = 50-60 nm), the bit rate-distance product is limited considerably by fiber

dispersion when LEDs are used in optical communication systems. LEDs are suit-

able primarily for local-area-network applications with bit rates of 10-100 Mb/s and

transmission distances of a few kilometers.

3.2.3 Modulation Response

The modulation response of LEDs depends on carrier dynamics and is limited by the

carrier lifetime Tc defined by Eq. (3.1.18). It can be determined by using a rate equation

for the carrier density N. Since electrons and holes are injected in pairs and recombine

in pairs, it is enough to consider the rate equation for only one type of charge carrier.

The rate equation should include all mechanisms through which electrons appear and

disappear inside the active region. For LEDs it takes the simple form (since stimulated

emission is negligible)

dN _ I N
dt qV Tc ’

(3.2.8)

where the last term includes both radiative and nonradiative recombination processes

through the carrier lifetime Tc . Consider sinusoidal modulation of the injected current

in the form (the use of complex notation simplifies the math)

I(t)=Ib -\-Im &xp(icomt), (3.2.9)

where Ib is the bias current, Im is the modulation current, and com is the modulation

frequency. Since Eq. (3.2.8) is linear, its general solution can be written as

N(t) — Nb +Nm exp(i(Dmt)
,

(3.2.10)

where Nb = TcIb/qV , V is the volume of active region and Nm is given by

Nm ((0,n)
= Tc4w/gV

(3.2.11)
1 + l(OmTc

The modulated power Pm is related to \Nm
\

linearly. One can define the LED transfer

function H(com )
as

Nm{ (Dm
)

1

A^m(0) 1 T iCOffiTc
(3.2.12)
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Light

Figure 3.8: Schematic of a surface-emitting LED with a double-heterostructure geometry.

In analogy with the case of optical fibers (see Section 2.4.4), the 3-dB modulation

bandwidth f3^ is defined as the modulation frequency at which \H(com)\
is reduced

by 3 dB or by a factor of 2. The result is

/3dB = v/3(2^Tt)“
1

. (3.2.13)

Typically, xc is in the range 2-5 ns for InGaAsP LEDs. The corresponding LED mod-

ulation bandwidth is in the range 50-140 MHz. Note that Eq. (3.2.13) provides the

optical bandwidth because fodB is defined as the frequency at which optical power is

reduced by 3 dB. The corresponding electrical bandwidth is the frequency at which

\H{(Om )\

2
is reduced by 3 dB and is given by {2nxc)~

l
.

3.2.4 LED Structures

The LED structures can be classified as surface-emitting or edge-emitting, depending

on whether the LED emits light from a surface that is parallel to the junction plane or

from the edge of the junction region. Both types can be made using either a p-n homo-

junction or a heterostructure design in which the active region is surrounded by p- and

n-type cladding layers. The heterostructure design leads to superior performance, as it

provides a control over the emissive area and eliminates internal absorption because of

the transparent cladding layers.

Figure 3.8 shows schematically a surface-emitting LED design referred to as the

Burrus-type LED [22]. The emissive area of the device is limited to a small region

whose lateral dimension is comparable to the fiber-core diameter. The use of a gold

stud avoids power loss from the back surface. The coupling efficiency is improved by
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etching a well and bringing the fiber close to the emissive area. The power coupled into

the fiber depends on many parameters, such as the numerical aperture of the fiber and

the distance between fiber and LED. The addition of epoxy in the etched well tends

to increase the external quantum efficiency as it reduces the refractive-index mismatch.

Several variations of the basic design exist in the literature. In one variation, a truncated

spherical microlens fabricated inside the etched well is used to couple light into the

fiber [23]. In another variation, the fiber end is itself formed in the form of a spherical

lens [24]. With a proper design, surface-emitting LEDs can couple up to 1% of the

internally generated power into an optical fiber.

The edge-emitting LEDs employ a design commonly used for stripe-geometry

semiconductor lasers (see Section 3.3.3). In fact, a semiconductor laser is converted

into an LED by depositing an antireflection coating on its output facet to suppress lasing

action. Beam divergence of edge-emitting LEDs differs from surface-emitting LEDs
because of waveguiding in the plane perpendicular to the junction. Surface-emitting

LEDs operate as a Lambertian source with angular distribution S e (0) = So cos 6 in

both directions. The resulting beam divergence has a FWHM of 120 ° in each direction.

In contrast, edge-emitting LEDs have a divergence of only about 30 ° in the direction

perpendicular to the junction plane. Considerable light can be coupled into a fiber of

even low numerical aperture (< 0.3) because of reduced divergence and high radiance

at the emitting facet [25]. The modulation bandwidth of edge-emitting LEDs is gen-

erally larger (~ 200 MHz) than that of surface-emitting LEDs because of a reduced

carrier lifetime at the same applied current [26]. The choice between the two designs

is dictated, in practice, by a compromise between cost and performance.

In spite of a relatively low output power and a low bandwidth of LEDs compared

with those of lasers, LEDs are useful for low-cost applications requiring data transmis-

sion at a bit rate of 100 Mb/s or less over a few kilometers. For this reason, several

new LED structures were developed during the 1990s [27]-[32]. In one design, known

as resonant-cavity LED [27], two metal mirrors are fabricated around the epitaxially

grown layers, and the device is bonded to a silicon substrate. In a variant of this idea,

the bottom mirror is fabricated epitaxially by using a stack of alternating layers of two

different semiconductors, while the top mirror consists of a deformable membrane sus-

pended by an air gap [28] . The operating wavelength of such an LED can be tuned over

40 nm by changing the air-gap thickness. In another scheme, several quantum wells

with different compositions and bandgaps are grown to form a MQW structure [29].

Since each quantum well emits light at a different wavelength, such LEDs can have an

extremely broad spectrum (extending over a 500-nm wavelength range) and are useful

for local-area WDM networks.

3.3 Semiconductor Lasers

Semiconductor lasers emit light through stimulated emission. As a result of the fun-

damental differences between spontaneous and stimulated emission, they are not only

capable of emitting high powers (~ 100 mW), but also have other advantages related

to the coherent nature of emitted light. A relatively narrow angular spread of the output

beam compared with LEDs permits high coupling efficiency (~ 50%) into single-mode
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fibers. A relatively narrow spectral width of emitted light allows operation at high bit

rates (~ 10 Gb/s), since fiber dispersion becomes less critical for such an optical source.

Furthermore, semiconductor lasers can be modulated directly at high frequencies (up

to 25 GHz) because of a short recombination time associated with stimulated emission.

Most fiber-optic communication systems use semiconductor lasers as an optical source

because of their superior performance compared with LEDs. In this section the out-

put characteristics of semiconductor lasers are described from the standpoint of their

applications in lightwave systems. More details can be found in Refs. [2]—[14], books

devoted entirely to semiconductor lasers.

3.3.1 Optical Gain

As discussed in Section 3.1.1, stimulated emission can dominate only if the condition

of population inversion is satisfied. For semiconductor lasers this condition is real-

ized by doping the p-type and n-type cladding layers so heavily that the Fermi-level

separation exceeds the bandgap [see Eq. (3.1.14)] under forward biasing of the p-n

junction. When the injected carrier density in the active layer exceeds a certain value,

known as the transparency value, population inversion is realized and the active region

exhibits optical gain. An input signal propagating inside the active layer would then

amplify as exp(gz), where g is the gain coefficient. One can calculate g by noting that

it is proportional to R stim
— Rabs> where Rstim and Rabs are given by Eqs. (3.1.12) and

(3.1.13), respectively. In general, g is calculated numerically. Figure 3.9(a) shows the

gain calculated for a 1.3-/xm InGaAsP active layer at different values of the injected

carrier density N. For N = 1 x 10 18 cm 3
, g < 0, as population inversion has not yet

occurred. As N increases, g becomes positive over a spectral range that increases with

N. The peak value of the gain, gp , also increases with A, together with a shift of the

peak toward higher photon energies. The variation of gp withN is shown in Fig. 3.9(b).

For A > 1.5 x 10 18 cm 3
, gp varies almost linearly with A. Figure 3.9 shows that the

optical gain in semiconductors increases rapidly once population inversion is realized.

It is because of such a high gain that semiconductor lasers can be made with physical

dimensions of less than 1 mm.
The nearly linear dependence of gp on A suggests an empirical approach in which

the peak gain is approximated by

gp(N) = ag(N-NT ), (3.3.1)

where Nt is the transparency value of the carrier density and Gg is the gain cross sec-

tion; Gg is also called the differential gain. Typical values of Nt and Gg for InGaAsP

lasers are in the range 1.0-1.5x 10
18 cm-3 and 2-3x 10

-16 cm2
, respectively [2]. As

seen in Fig. 3.9(b), the approximation (3.3.1) is reasonable in the high-gain region

where gp exceeds 100 cm -1
; most semiconductor lasers operate in this region. The use

of Eq. (3.3.1) simplifies the analysis considerably, as band-structure details do not ap-

pear directly. The parameters Gg and Nj can be estimated from numerical calculations

such as those shown in Fig. 3.9(b) or can be measured experimentally.

Semiconductor lasers with a larger value of Gg generally perform better, since the

same amount of gain can be realized at a lower carrier density or, equivalently, at a
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Figure 3.9: (a) Gain spectrum of a 1.3-jum InGaAsP laser at several carrier densities N. (b)

Variation of peak gain gp with N. The dashed line shows the quality of a linear fit in the high-

gain region. (After Ref. [2]; ©1993 Van Nostrand Reinhold; reprinted with permission.)

lower injected current. In quantum-well semiconductor lasers, og is typically larger

by about a factor of two. The linear approximation in Eq. (3.3.1) for the peak gain

can still be used in a limited range. A better approximation replaces Eq. (3.3.1) with

gp(N) =go[l + ln(N/A/o)], where gp = go atN = Nq andAfo = eNj ~ 2.7 ISNt by using

the definition gp = 0 at N = Nt [5].

3.3.2 Feedback and Laser Threshold

The optical gain alone is not enough for laser operation. The other necessary ingre-

dient is optical feedback—it converts an amplifier into an oscillator. In most lasers

the feedback is provided by placing the gain medium inside a Fabry-Perot (FP) cavity

formed by using two mirrors. In the case of semiconductor lasers, external mirrors are

not required as the two cleaved laser facets act as mirrors whose reflectivity is given by

Rm
n — 1

n -\-

1

2

(3.3.2)

where n is the refractive index of the gain medium. Typically, n = 3.5, resulting in 30%
facet reflectivity. Even though the FP cavity formed by two cleaved facets is relatively

lossy, the gain is large enough that high losses can be tolerated. Figure 3.10 shows the

basic structure of a semiconductor laser and the FP cavity associated with it.

The concept of laser threshold can be understood by noting that a certain fraction

of photons generated by stimulated emission is lost because of cavity losses and needs

to be replenished on a continuous basis. If the optical gain is not large enough to com-

pensate for the cavity losses, the photon population cannot build up. Thus, a minimum

amount of gain is necessary for the operation of a laser. This amount can be realized
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2 = 0 z = L

Figure 3.10: Structure of a semiconductor laser and the Fabry-Perot cavity associated with it.

The cleaved facets act as partially reflecting mirrors.

only when the laser is pumped above a threshold level. The current needed to reach the

threshold is called the threshold current.

A simple way to obtain the threshold condition is to study how the amplitude of

a plane wave changes during one round trip. Consider a plane wave of amplitude

E0 , frequency co, and wave number k = nco/c. During one round trip, its amplitude

increases by exp[(g/2)(2L)] because of gain (g is the power gain) and its phase changes

by 2kL, where L is the length of the laser cavity. At the same time, its amplitude

changes by \fR\R2 exp (

—

amtL) because of reflection at the laser facets and because of

an internal loss aint that includes free-carrier absorption, scattering, and other possible

mechanisms. Here R\ and R2 are the reflectivities of the laser facets. Even though

R\ = R2 in most cases, the two reflectivities can be different if laser facets are coated

to change their natural reflectivity. In the steady state, the plane wave should remain

unchanged after one round trip, i.e.,

E0 exp(gL) \/R\R2 exp(— 0CintL) exp(2ikL) =Eo . (3.3.3)

By equating the amplitude and the phase on two sides, we obtain

8 = Oint + ln
R\R2

— (%mir — t^cav •>

2kL = 2mn or v = vm = me/2nL, (3.3.5)

where k = 2nnv/c and m is an integer. Equation (3.3.4) shows that the gain g equals

total cavity loss cccay at threshold and beyond. It is important to note that g is not the

same as the material gain gm shown in Fig. 3.9. As discussed in Section 3.3.3, the
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Figure 3.11: Gain and loss profiles in semiconductor lasers. Vertical bars show the location

of longitudinal modes. The laser threshold is reached when the gain of the longitudinal mode

closest to the gain peak equals loss.

optical mode extends beyond the active layer while the gain exists only inside it. As

a result, g = Tgm , where T is the confinement factor of the active region with typical

values <0.4.

The phase condition in Eq. (3.3.5) shows that the laser frequency v must match one

of the frequencies in the set vm , where m is an integer. These frequencies correspond to

the longitudinal modes and are determined by the optical length nL. The spacing Av l

between the longitudinal modes is constant (Av^ = c/2nL) if the frequency dependence

of n is ignored. It is given by AVl = c/2ngL when material dispersion is included [2].

Here the group index ng is defined as ng = n-\- co(dn/dco). Typically, Avl = 100-

200 GHz for L = 200-400 pm.

A FP semiconductor laser generally emits light in several longitudinal modes of

the cavity. As seen in Fig. 3.11, the gain spectrum g(co) of semiconductor lasers is

wide enough (bandwidth ~ 10 THz) that many longitudinal modes of the FP cavity

experience gain simultaneously. The mode closest to the gain peak becomes the dom-

inant mode. Under ideal conditions, the other modes should not reach threshold since

their gain always remains less than that of the main mode. In practice, the difference is

extremely small (~ 0.1 cm -1
) and one or two neighboring modes on each side of the

main mode carry a significant portion of the laser power together with the main mode.

Such lasers are called multimode semiconductor lasers. Since each mode propagates

inside the fiber at a slightly different speed because of group-velocity dispersion, the

multimode nature of semiconductor lasers limits the bit-rate-distance product BL to

values below 10 (Gb/s)-km for systems operating near 1.55 pm (see Fig. 2.13). The

BL product can be increased by designing lasers oscillating in a single longitudinal

mode. Such lasers are discussed in Section 3.4.

3.3.3 Laser Structures

The simplest structure of a semiconductor laser consists of a thin active layer (thickness

~ 0.1 pm) sandwiched between p-type and n-type cladding layers of another semi-
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Figure 3.12: A broad-area semiconductor laser. The active layer (hatched region) is sandwiched

between /7-type and n-type cladding layers of a higher-bandgap material.

conductor with a higher bandgap. The resulting p-n heterojunction is forward-biased

through metallic contacts. Such lasers are called broad-area semiconductor lasers since

the current is injected over a relatively broad area covering the entire width of the laser

chip (~ 100 pm). Figure 3.12 shows such a structure. The laser light is emitted from

the two cleaved facets in the form of an elliptic spot of dimensions ~ 1 x 100 /im 2
. In

the direction perpendicular to the junction plane, the spot size is ~ 1 pm because of

the heterostructure design of the laser. As discussed in Section 3.1.2, the active layer

acts as a planar waveguide because its refractive index is larger than that of the sur-

rounding cladding layers (An ~ 0.3). Similar to the case of optical fibers, it supports

a certain number of modes, known as the transverse modes. In practice, the active

layer is thin enough (~ 0.1 pm) that the planar waveguide supports a single transverse

mode. However, there is no such light-confinement mechanism in the lateral direction

parallel to the junction plane. Consequently, the light generated spreads over the entire

width of the laser. Broad-area semiconductor lasers suffer from a number of deficien-

cies and are rarely used in optical communication systems. The major drawbacks are

a relatively high threshold current and a spatial pattern that is highly elliptical and that

changes in an uncontrollable manner with the current. These problems can be solved

by introducing a mechanism for light confinement in the lateral direction. The resulting

semiconductor lasers are classified into two broad categories

Gain-guided semiconductor lasers solve the light-confinement problem by limit-

ing current injection over a narrow stripe. Such lasers are also called stripe-geometry

semiconductor lasers. Figure 3.13 shows two laser structures schematically. In one

approach, a dielectric (Si02) layer is deposited on top of the /7-layer with a central

opening through which the current is injected [33]. In another, an n-type layer is de-

posited on top of the /7-layer [34]. Diffusion of Zn over the central region converts

the n-region into /7-type. Current flows only through the central region and is blocked

elsewhere because of the reverse-biased nature of the p-n junction. Many other vari-

ations exist [2]. In all designs, current injection over a narrow central stripe (~5 pm
width) leads to a spatially varying distribution of the carrier density (governed by car-
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Figure 3.13: Cross section of two stripe-geometry laser structures used to design gain-guided

semiconductor lasers and referred to as (a) oxide stripe and (b) junction stripe.

rier diffusion) in the lateral direction. The optical gain also peaks at the center of the

stripe. Since the active layer exhibits large absorption losses in the region beyond the

central stripe, light is confined to the stripe region. As the confinement of light is aided

by gain, such lasers are called gain-guided. Their threshold current is typically in the

range 50-100 mA, and light is emitted in the form of an elliptic spot of dimensions

~ 1 x 5 /an
2

. The major drawback is that the spot size is not stable as the laser power

is increased [2]. Such lasers are rarely used in optical communication systems because

of mode-stability problems.

The light-confinement problem is solved in the index-guided semiconductor lasers

by introducing an index step Ani in the lateral direction so that a waveguide is formed in

a way similar to the waveguide formed in the transverse direction by the heterostructure

design. Such lasers can be subclassified as weakly and strongly index-guided semicon-

ductor lasers, depending on the magnitude of An^. Figure 3.14 shows examples of the

two kinds of lasers. In a specific design known as the ridge-waveguide laser , a ridge is

formed by etching parts of the /7-layer [2]. A Si02 layer is then deposited to block the

current flow and to induce weak index guiding. Since the refractive index of SiO 2 is

considerably lower than the central /7-region, the effective index of the transverse mode

is different in the two regions [35], resulting in an index step Aul ~ 0.01. This index

step confines the generated light to the ridge region. The magnitude of the index step is

sensitive to many fabrication details, such as the ridge width and the proximity of the

SiC>2 layer to the active layer. However, the relative simplicity of the ridge-waveguide

design and the resulting low cost make such lasers attractive for some applications.

In strongly index-guided semiconductor lasers, the active region of dimensions ~
0.1 x 1 /an2 is buried on all sides by several layers of lower refractive index. For

this reason, such lasers are called buried heterostructure (BH) lasers. Several different

kinds of BH lasers have been developed. They are known under names such as etched-

mesa BH, planar BH, double-channel planar BH, and V-grooved or channeled substrate

BH lasers, depending on the fabrication method used to realize the laser structure [2].

They all allow a relatively large index step (A ~ 0.1) in the lateral direction and, as
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Figure 3.14: Cross section of two index-guided semiconductor lasers: (a) ridge-waveguide struc-

ture for weak index guiding; (b) etched-mesa buried heterostructure for strong index guiding.

a result, permit strong mode confinement. Because of a large built-in index step, the

spatial distribution of the emitted light is inherently stable, provided that the laser is

designed to support a single spatial mode.

As the active region of a BH laser is in the form of a rectangular waveguide, spatial

modes can be obtained by following a method similar to that used in Section 2.2 for

optical fibers [2]. In practice, a BH laser operates in a single mode if the active-region

width is reduced to below 2 fim. The spot size is elliptical with typical dimensions

2 x 1 /im
2

. Because of small spot-size dimensions, the beam diffracts widely in both

the lateral and transverse directions. The elliptic spot size and a large divergence angle

make it difficult to couple light into the fiber efficiently. Typical coupling efficien-

cies are in the range 30-50% for most optical transmitters. A spot-size converter is

sometimes used to improve the coupling efficiency (see Section 3.6).

3.4 Control of Longitudinal Modes

We have seen that BH semiconductor lasers can be designed to emit light into a single

spatial mode by controlling the width and the thickness of the active layer. However,

as discussed in Section 3.3.2, such lasers oscillate in several longitudinal modes simul-

taneously because of a relatively small gain difference (~ 0.1 cm -1
) between neigh-

boring modes of the FP cavity. The resulting spectral width (2-4 nm) is acceptable for

lightwave systems operating near 1.3 jum at bit rates of up to 1 Gb/s. However, such

multimode lasers cannot be used for systems designed to operate near 1.55 jumat high

bit rates. The only solution is to design semiconductor lasers [36]—[41] such that they

emit light predominantly in a single longitudinal mode (SLM).

The SLM semiconductor lasers are designed such that cavity losses are different

for different longitudinal modes of the cavity, in contrast with FP lasers whose losses

are mode independent. Figure 3.15 shows the gain and loss profiles schematically for

such a laser. The longitudinal mode with the smallest cavity loss reaches threshold first
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Figure 3.15: Gain and loss profiles for semiconductor lasers oscillating predominantly in a single

longitudinal mode.

and becomes the dominant mode. Other neighboring modes are discriminated by their

higher losses, which prevent their buildup from spontaneous emission. The power

carried by these side modes is usually a small fraction (< 1%) of the total emitted

power. The performance of a SLM laser is often characterized by the mode-suppression

ratio (MSR), defined as [39]

MSR = Pmm/Psm ,
(3.4.1)

where Pnim is the main-mode power and Psm is the power of the most dominant side

mode. The MSR should exceed 1000 (or 30 dB) for a good SLM laser.

3.4.1 Distributed Feedback Lasers

Distributed feedback (DFB) semiconductor lasers were developed during the 1980s

and are used routinely for WDM lightwave systems [10]—[12]. The feedback in DFB
lasers, as the name implies, is not localized at the facets but is distributed throughout

the cavity length [41]. This is achieved through an internal built-in grating that leads

to a periodic variation of the mode index. Feedback occurs by means of Bragg diffrac-

tion , a phenomenon that couples the waves propagating in the forward and backward

directions. Mode selectivity of the DFB mechanism results from the Bragg condition :

the coupling occurs only for wavelengths Ag satisfying

A = ra(Ag/2fi), (3.4.2)

where A is the grating period, n is the average mode index, and the integerm represents

the order of Bragg diffraction. The coupling between the forward and backward waves

is strongest for the first-order Bragg diffraction (m= 1). For a DFB laser operating at

Ag = 1.55 gm, A is about 235 nm if we use m = 1 and h = 3.3 in Eq. (3.4.2). Such

gratings can be made by using a holographic technique [2].

From the standpoint of device operation, semiconductor lasers employing the DFB
mechanism can be classified into two broad categories: DFB lasers and distributed
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Figure 3.16: DFB and DBR laser structures. The shaded area shows the active region and the

wavy line indicates the presence of a Bragg gratin.

Bragg reflector (DBR) lasers. Figure 3.16 shows two kinds of laser structures. Though

the feedback occurs throughout the cavity length in DFB lasers, it does not take place

inside the active region of a DBR laser. In effect, the end regions of a DBR laser act

as mirrors whose reflectivity is maximum for a wavelength A# satisfying Eq. (3.4.2).

The cavity losses are therefore minimum for the longitudinal mode closest to A b and

increase substantially for other longitudinal modes (see Fig. 3.15). The MSR is deter-

mined by the gain margin defined as the excess gain required by the most dominant

side mode to reach threshold. A gain margin of 3-5 cm -1
is generally enough to re-

alize an MSR > 30 dB for DFB lasers operating continuously [39]. However, a larger

gain margin is needed (> 10 cm -1
) when DFB lasers are modulated directly. Phase-

shifted DFB lasers [38], in which the grating is shifted by A^/4 in the middle of the

laser to produce a 7t/2 phase shift, are often used, since they are capable of provid-

ing much larger gain margin than that of conventional DFB lasers. Another design

that has led to improvements in the device performance is known as the gain-coupled

DFB laser [42]—[44] . In these lasers, both the optical gain and the mode index vary

periodically along the cavity length.

Fabrication of DFB semiconductor lasers requires advanced technology with mul-

tiple epitaxial growths [41]. The principal difference from FP lasers is that a grating

is etched onto one of the cladding layers surrounding the active layer. A thin n-type

waveguide layer with a refractive index intermediate to that of active layer and the

substrate acts as a grating. The periodic variation of the thickness of the waveguide

layer translates into a periodic variation of the mode index n along the cavity length

and leads to a coupling between the forward and backward propagating waves through

Bragg diffraction.
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Figure 3.17: Longitudinal-mode selectivity in a coupled-cavity laser. Phase shift in the external

cavity makes the effective mirror reflectivity wavelength dependent and results in a periodic loss

profile for the laser cavity.

A holographic technique is often used to form a grating with a ~0.2-/im periodic-

ity. It works by forming a fringe pattern on a photoresist (deposited on the wafer sur-

face) through interference between two optical beams. In the alternative electron-beam

lithographic technique, an electron beam writes the desired pattern on the electron-

beam resist. Both methods use chemical etching to form grating corrugations, with the

patterned resist acting as a mask. Once the grating has been etched onto the substrate,

multiple layers are grown by using an epitaxial growth technique. A second epitaxial

regrowth is needed to make a BH device such as that shown in Fig. 3.14(b). Despite

the technological complexities, DFB lasers are routinely produced commercially. They

are used in nearly all 1.55-jiim optical communication systems operating at bit rates of

2.5 Gb/s or more. DFB lasers are reliable enough that they have been used since 1992

in all transoceanic lightwave systems.

3.4.2 Coupled-Cavity Semiconductor Lasers

In a coupled-cavity semiconductor laser [2], the SLM operation is realized by coupling

the light to an external cavity (see Fig. 3.17). A portion of the reflected light is fed

back into the laser cavity. The feedback from the external cavity is not necessarily in
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phase with the optical field inside the laser cavity because of the phase shift occurring

in the external cavity. The in-phase feedback occurs only for those laser modes whose

wavelength nearly coincides with one of the longitudinal modes of the external cavity.

In effect, the effective reflectivity of the laser facet facing the external cavity becomes

wavelength dependent and leads to the loss profile shown in Fig. 3.17. The longitu-

dinal mode that is closest to the gain peak and has the lowest cavity loss becomes the

dominant mode.

Several kinds of coupled-cavity schemes have been developed for making SLM
laser; Fig. 3.18 shows three among them. A simple scheme couples the light from a

semiconductor laser to an external grating [Fig. 3.18(a)]. It is necessary to reduce the

natural reflectivity of the cleaved facet facing the grating through an antireflection coat-

ing to provide a strong coupling. Such lasers are called external-cavity semiconductor

lasers and have attracted considerable attention because of their tunability [36]. The

wavelength of the SLM selected by the coupled-cavity mechanism can be tuned over a

wide range (typically 50 nm) simply by rotating the grating. Wavelength tunability is a

desirable feature for lasers used in WDM lightwave systems. A drawback of the laser

shown in Fig. 3.18(a) from the system standpoint is its nonmonolithic nature, which

makes it difficult to realize the mechanical stability required of optical transmitters.

A monolithic design for coupled-cavity lasers is offered by the cleaved-coupled-

cavity laser [37] shown in Fig. 3.18(b). Such lasers are made by cleaving a conven-

tional multimode semiconductor laser in the middle so that the laser is divided into two

sections of about the same length but separated by a narrow air gap (width 1 Aim).

The reflectivity of cleaved facets (~ 30%) allows enough coupling between the two

sections as long as the gap is not too wide. It is even possible to tune the wavelength

of such a laser over a tuning range ~ 20 nm by varying the current injected into one

of the cavity sections acting as a mode controller. However, tuning is not continuous,

since it corresponds to successive mode hops of about 2 nm.

3.4.3 Tunable Semiconductor Lasers

Modern WDM lightwave systems require single-mode, narrow-linewidth lasers whose

wavelength remains fixed over time. DFB lasers satisfy this requirement but their

wavelength stability comes at the expense of tunability [9]. The large number of DFB
lasers used inside a WDM transmitter make the design and maintenance of such a

lightwave system expensive and impractical. The availability of semiconductor lasers

whose wavelength can be tuned over a wide range would solve this problem [13].

Multisection DFB and DBR lasers were developed during the 1990s to meet the

somewhat conflicting requirements of stability and tunability [45]-[52] and were reach-

ing the commercial stage in 2001. Figure 3.18(c) shows a typical laser structure. It

consists of three sections, referred to as the active section, the phase-control section,

and the Bragg section. Each section can be biased independently by injecting different

amounts of currents. The current injected into the Bragg section is used to change the

Bragg wavelength (A# = 2nA) through carrier-induced changes in the refractive index

n. The current injected into the phase-control section is used to change the phase of

the feedback from the DBR through carrier-induced index changes in that section. The

laser wavelength can be tuned almost continuously over the range 10-15 nm by con-
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(c)

Figure 3.18: Coupled-cavity laser structures: (a) external-cavity laser; (b) cleaved-coupled-

cavity laser; (c) multisection DBR laser.

trolling the currents in the phase and Bragg sections. By 1997, such lasers exhibited a

tuning range of 17 nm and output powers of up to 100 mW with high reliability [51].

Several other designs of tunable DFB lasers have been developed in recent years. In

one scheme, the built-in grating inside a DBR laser is chirped by varying the grating pe-

riod A or the mode index fi along the cavity length. As seen from Eq. (3.4.2), the Bragg

wavelength itself then changes along the cavity length. Since the laser wavelength is

determined by the Bragg condition, such a laser can be tuned over a wavelength range

determined by the grating chirp. In a simple implementation of the basic idea, the grat-

ing period remains uniform, but the waveguide is bent to change the effective mode

index n. Such multisection DFB lasers can be tuned over 5-6 nm while maintaining a

single longitudinal mode with high side-mode suppression [47].

In another scheme, a superstructure grating is used for the DBR section of a mul-

tisection laser [48]—[50]. A superstructure grating consists of an array of gratings (uni-

form or chirped) separated by a constant distance. As a result, its reflectivity peaks at

several wavelengths whose interval is determined by the spacing between the individ-

ual gratings forming the array. Such multisection DBR lasers can be tuned discretely
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over a wavelength range exceeding 100 nm. By controlling the current in the phase-

control section, a quasicontinuous tuning range of 40 nm was realized in 1995 with a

superstructure grating [48]. The tuning range can be extended considerably by using a

four-section device in which another DBR section is added to the left side of the device

shown in Fig. 3.18(c). Each DBR section supports its own comb of wavelengths but

the spacing in each comb is not the same. The coinciding wavelength in the two combs

becomes the output wavelength that can be tuned over a wide range (analogous to the

Vernier effect).

In a related approach, the fourth section in Fig. 3.18(c) is added between the gain

and phase sections: It consist of a grating-assisted codirectional coupler with a super-

structure grating. The coupler has two vertically separated waveguides and selects a

single wavelength from the wavelength comb supported by the DBR section with a su-

perstructure grating. The largest tuning range of 1 14 nm was produced in 1995 by this

kind of device [49]. Such widely tunable DBR lasers are likely to find applications in

many WDM lightwave systems.

3.4.4 Vertical-Cavity Surface-Emitting Lasers

A new class of semiconductor lasers, known as vertical-cavity surface-emitting lasers

(VCSELs), has emerged during the 1990s with many potential applications [53]—[60].

VCSELs operate in a single longitudinal mode by virtue of an extremely small cav-

ity length (~ 1 jUm), for which the mode spacing exceeds the gain bandwidth (see

Fig. 3.11). They emit light in a direction normal to the active-layer plane in a manner

analogous to that of a surface-emitting LED (see Fig. 3.8). Moreover, the emitted light

is in the form of a circular beam that can be coupled into a single-node fiber with high

efficiency. These properties result in a number of advantages that are leading to rapid

adoption of VCSELs for lightwave communications.

As seen in Fig. 3.19, fabrication of VCSELs requires growth of multiple thin lay-

ers on a substrate. The active region, in the form of one or several quantum wells, is

surrounded by two high-reflectivity (> 99.5%) DBR mirrors that are grown epitaxi-

ally on both sides of the active region to form a high-Q microcavity [55]. Each DBR
mirror is made by growing many pairs of alternating GaAs and AlAs layers, each A/4

thick, where A is the wavelength emitted by the VCSEL. A wafer-bonding technique is

sometimes used for VCSELs operating in the 1 .55-jim wavelength region to accommo-

date the InGaAsP active region [58]. Chemical etching or a related technique is used

to form individual circular disks (each corresponding to one VCSEL) whose diameter

can be varied over a wide range (typically 5-20 fim). The entire two-dimensional array

of VCSELs can be tested without requiring separation of lasers because of the vertical

nature of light emission. As a result, the cost of a VCSEL can be much lower than that

of an edge-emitting laser. VCSELs also exhibit a relatively low threshold (~ 1 mA or

less). Their only disadvantage is that they cannot emit more than a few milliwatts of

power because of a small active volume. For this reason, they are mostly used in local-

area and metropolitan-area networks and have virtually replaced LEDs. Early VCSELs
were designed to emit near 0.8 jim and operated in multiple transverse modes because

of their relatively large diameters (~ 10 gm).
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Figure 3.19: Schematic of a 1.55-jum VCSEL made by using the wafer-bonding technique.

(After Ref. [58]; ©2000 IEEE; reprinted with permission.)

In recent years, the VCSEL technology have advanced enough that VCSELs can be

designed to operate in a wide wavelength range extending from 650 to 1600 nm [55].

Their applications in the 1.3- and 1.55-/1m wavelength windows require that VCSELs
operate in a single transverse mode. By 2001, several techniques had emerged for

controlling the transverse modes of a VCSEL, the most common being the oxide-

confinement technique in which an insulating aluminum-oxide layer, acting as a di-

electric aperture, confines both the current and the optical mode to a < 3-/im-diameter

region. Such VCSELs operate in a single mode with narrow linewidth and can replace

a DFB laser in many lightwave applications as long as their low output power is accept-

able. They are especially useful for data transfer and local-loop applications because

of their low-cost packaging. VCSELs are also well suited for WDM applications for

two reasons. First, their wavelengths can be tuned over a wide range (>50 nm) using

the micro-electro-mechanical system (MEMS) technology [56]. Second, one can make

two-dimensional VCSELS arrays such that each laser operates at a different wave-

length [60]. WDM sources, containing multiple monolithically integrated lasers, are

required for modern lightwave systems.

3.5 Laser Characteristics

The operating characteristics of semiconductor lasers are well described by a set of

rate equations that govern the interaction of photons and electrons inside the active re-

gion. In this section we use the rate equations to discuss first both the continuous-wave

(CW) properties. We then consider small- and large-signal modulation characteristics

of single-mode semiconductor lasers. The last two subsections focus on the intensity

noise and spectral bandwidth of semiconductor lasers.
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3.5.1 CW Characteristics

A rigorous derivation of the rate equations generally starts from Maxwell’s equations

together with a quantum-mechanical approach for the induced polarization (see Section

2.2). The rate equations can also be written heuristically by considering various physi-

cal phenomena through which the number of photons, P, and the number of electrons,

N , change with time inside the active region. For a single-mode laser, these equations

take the form [2]

= GP+ RSp-—

,

(3.5.1)
TP

= - - — - GP, (3.5.2)

Q Tc

where

G = rvggm = GN{N-N0 ). (3.5.3)

G is the net rate of stimulated emission and P sp is the rate of spontaneous emission into

the lasing mode. Note that P sp is much smaller than the total spontaneous-emission rate

in Eq. (3.1.10). The reason is that spontaneous emission occurs in all directions over a

wide spectral range (~ 30-40 nm) but only a small fraction of it, propagating along the

cavity axis and emitted at the laser frequency, actually contributes to Eq. (3.5. 1). In fact,

Psp and G are related by P sp = rcsp G, where n sv is known as the spontaneous-emission

factor and is about 2 for semiconductor lasers [2]. Although the same notation is used

for convenience, the variable N in the rate equations represents the number of electrons

rather than the carrier density; the two are related by the active volume V. In Eq. (3.5.3),

vg is the group velocity, T is the confinement factor, and gm is the material gain at the

mode frequency. By using Eq. (3.3.1), G varies linearly with N with Gn = Tvgog/V
and No = NjV.

The last term in Eq. (3.5.1) takes into account the loss of photons inside the cavity.

The parameter xp is referred to as the photon lifetime. It is related to the cavity loss

Ocav introduced in Eq. (3.3.4) as

Tp = VgOCcav = Vg((ZmirT OC
int). (3.5.4)

The three terms in Eq. (3.5.2) indicate the rates at which electrons are created or de-

stroyed inside the active region. This equation is similar to Eq. (3.2.8) except for the ad-

dition of the last term, which governs the rate of electron-hole recombination through

stimulated emission. The carrier lifetime xc includes the loss of electrons due to both

spontaneous emission and nonradiative recombination, as indicated in Eq. (3.1.18).

The P-I curve characterizes the emission properties of a semiconductor laser, as

it indicates not only the threshold level but also the current that needs to be applied

to obtain a certain amount of power. Figure 3.20 shows the P-I curves of a 1.3-jUm

InGaAsP laser at temperatures in the range 10-1 30 °C. At room temperature, the thresh-

old is reached near 20 mA, and the laser can emit 10 mW of output power from each

facet at 100 mA of applied current. The laser performance degrades at high tempera-

tures. The threshold current is found to increase exponentially with temperature, i.e.,

dP

dt

dN
dt

/th(r) = /0 exp(r/r0 ), (3.5.5)
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Figure 3.20: P-I curves at several temperatures for a 1.3-jUm buried heterostructure laser. (After

Ref. [2]; ©1993 Van Nostrand Reinhold; reprinted with permission.)

where /o is a constant and 7o is a characteristic temperature often used to express

the temperature sensitivity of threshold current. For InGaAsP lasers Tq is typically

in the range 50-70 K. By contrast, To exceeds 120 K for GaAs lasers. Because of

the temperature sensitivity of InGaAsP lasers, it is often necessary to control their

temperature through a built-in thermoelectric cooler.

The rate equations can be used to understand most of the features seen in Fig.

3.20. In the case of CW operation at a constant current 7, the time derivatives in Eqs.

(3.5.1) and (3.5.2) can be set to zero. The solution takes a particularly simple form if

spontaneous emission is neglected by setting R sp = 0. For currents such that Gtp < 1,

P = 0 and N = TcI/q- The threshold is reached at a current for which Gtp = 1. The

carrier population is then clamped to the threshold value = Nq + (G^tp)~
1

. The

threshold current is given by

hi =^ =iU +
T: Tc y G/VTn

For / > 7th, the photon number P increases linearly with I as

P=(Tp/q)(I-Ith ).

The emitted power Pe is related to P by the relation

Pe — 2

(3.5.6)

(3.5.7)

(3.5.8)

The derivation of Eq. (3.5.8) is intuitively obvious if we note that v gCCm ir is the rate

at which photons of energy hco escape from the two facets. The factor of j makes Pe
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the power emitted from each facet for a FP laser with equal facet reflectivities. For FP

lasers with coated facets or for DFB lasers, Eq. (3.5.8) needs to be suitably modified [2].

By using Eqs. (3.5.4) and (3.5.7) in Eq. (3.5.8), the emitted power is given by

D Aint^mir / T T \

*e — t; ; v ~ Lh)i
2q OCmiv “1“ ^int

(3.5.9)

where the internal quantum efficiency rj int is introduced phenomenologically to indi-

cate the fraction of injected electrons that is converted into photons through stimulated

emission. In the above-threshold regime, rjint is almost 100% for most semiconductor

lasers. Equation (3.5.9) should be compared with Eq. (3.2.2) obtained for an LED.

A quantity of practical interest is the slope of the P-I curve for I > I±; it is called

the slope efficiency and is defined as

dPe hco

~dT
= 1

iq
r]d with rid

flintt^mir

OJjyiir C£jnt

(3.5.10)

The quantity is called the differential quantum efficiency , as it is a measure of the

efficiency with which light output increases with an increase in the injected current.

One can define the external quantum efficiency rj ext as

photon-emission rate 2Pe /hco 2q Pe
rjext

= =— =
.

electron-injection rate I/q hco I

By using Eqs. (3.5.9)—(3.5. 1 1), rjext and rj^ are found to be related by

(3.5.11)

fiext = fij(l-W/)* (3.5.12)

Generally, rjext < fid but becomes nearly the same for / >> /
th- Similar to the case of

LEDs, one can define the total quantum efficiency (or wall-plug efficiency) as rj tot
=

2Pe/(VoI), where Vq is the applied voltage. It is related to rj ext as

fitot
= hco

Wo
next

Eg—^ rjext
qV0

,eXt (3.5.13)

where Eg is the bandgap energy. Generally, rj tot < fiext as the applied voltage exceeds

Eg/q. For GaAs lasers, rjj can exceed 80% and rj tot can approach 50%. The InGaAsP

lasers are less efficient with rjj ~ 50% and rj
tot ~ 20%.

The exponential increase in the threshold current with temperature can be under-

stood from Eq. (3.5.6). The carrier lifetime T c is generally N dependent because of

Auger recombination and decreases with N as N 2
. The rate of Auger recombination

increases exponentially with temperature and is responsible for the temperature sen-

sitivity of InGaAsP lasers. Figure 3.20 also shows that the slope efficiency decreases

with an increase in the output power (bending of the P-I curves). This decrease can

be attributed to junction heating occurring under CW operation. It can also result

from an increase in internal losses or current leakage at high operating powers. De-

spite these problems, the performance of DFB lasers improved substantially during the

1990s [10]—[12]. DFB lasers emitting >100 mW of power at room temperature in the

1.55 jUm spectral region were fabricated by 1996 using a strained MQW design [61].

Such lasers exhibited <10 mA threshold current at 20 °C and emitted ~20 mW of

power at 100°C while maintaining a MSR of >40 dB. By 2001, DFB lasers capable of

delivering more than 200 mW of power were available commercially.
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3.5.2 Small-Signal Modulation

The modulation response of semiconductor lasers is studied by solving the rate equa-

tions (3.5.1) and (3.5.2) with a time-dependent current of the form

I(t)=Ib + Imfp (t), (3.5.14)

where is the bias current, Im is the current, and fp (t) represents the shape of the

current pulse. Two changes are necessary for a realistic description. First, Eq. (3.5.3)

for the gain G must be modified to become [2]

G = Gn(N-N0)(1 - £NLP), (3.5.15)

where £nl is a nonlinear-gain parameter that leads to a slight reduction in G as P in-

creases. The physical mechanism behind this reduction can be attributed to several

phenomena, such as spatial hole burning, spectral hole burning, carrier heating, and

two-photon absorption [62]—[65] . Typical values of £nl are 10 7
. Equation (3.5.1 5)

is valid for £nl^ 1- The factor 1 — £nl^ should be replaced by (1 -\-P/Ps)~
b

, where

Ps is a material parameter, when the laser power exceeds far above 10 mW. The expo-

nent b equals ^ for spectral hole burning [63] but can vary over the range 0.2-1 because

of the contribution of carrier heating [65]

.

The second change is related to an important property of semiconductor lasers. It

turns out that whenever the optical gain changes as a result of changes in the carrier

population N, the refractive index also changes. From a physical standpoint, ampli-

tude modulation in semiconductor lasers is always accompanied by phase modulation

because of carrier-induced changes in the mode index n. Phase modulation can be

included through the equation [2]

d(j)

dt
Gn(N — Nq) (3.5.16)

where pc is the amplitude-phase coupling parameter, commonly called the linewidth

enhancement factor, as it leads to an enhancement of the spectral width associated

with a single longitudinal mode (see Section 3.5.5). Typical values of (3 C for InGaAsP

lasers are in the range 4-8, depending on the operating wavelength [66]. Lower values

of pc occur in MQW lasers, especially for strained quantum wells [5].

In general, the nonlinear nature of the rate equations makes it necessary to solve

them numerically. A useful analytic solution can be obtained for the case of small-

signal modulation in which the laser is biased above threshold (It, > hh) and modulated

such that <C 4 - /th . The rate equations can be linearized in that case and solved

analytically, using the Fourier-transform technique, for an arbitrary form of /p (t). The

small-signal modulation bandwidth can be obtained by considering the response of

semiconductor lasers to sinusoidal modulation at the frequency (Om so that fp (t) =
sin(comt). The laser output is also modulated sinusoidally. The general solution of Eqs.

(3.5.1) and (3.5.2) is given by

P(0 — Pb T \pm
\

sin (comt H- 0mf
N(t) = Nb + \nm

\

sin (com t + y/m ),

(3.5.17)

(3.5.18)
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Figure 3.21: Measured (solid curves) and fitted (dashed curves) modulation response of a 1.55-

jUm DFB laser as a function of modulation frequency at several bias levels. (After Ref. [70];

©1997 IEEE; reprinted with permission.)

where Pb andNb are the steady-state values at the bias current It , \pm |

and \nm
\

are small

changes occurring because of current modulation, and 6m and i
f/m govern the phase lag

associated with the small-signal modulation. In particular, p m = \pm \

exp(/0w )
is given

by [2]

/ \ _ Pb^N^m/ <1 c
Pm(0Jm )

—
.-p v j

(3.5.19)
(Qi? + (Dm — iTr) (Qp — COm + iTr)

where

aR = [GGNPb -(TP -TN )

2
/4\

x l2
,

Tr = (TP + TN)/2, (3.5.20)

Tp = RsV/Pb + ZNhGPt, TN = T~
l AG^Pt- (3.5.21)

Qp and T

r

are the frequency and the damping rate of relaxation oscillations. These two

parameters play an important role in governing the dynamic response of semiconductor

lasers. In particular, the efficiency is reduced when the modulation frequency exceeds

Qp by a large amount.

Similar to the case of LEDs, one can introduce the transferfunction as

pKw )
= Pm ^ COm ) _ Qp +

Pm(0) (Qp + (Om- ITr) (Q.R -CQm + iTr)
(3.5.22)

The modulation response is flat [H(com ) ~ 1] for frequencies such that com <C Qp, peaks

at com = Qp, and then drops sharply for com ^ Qp. These features are observed exper-

imentally for all semiconductor lasers [67]—[70]. Figure 3.21 shows the modulation
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response of a 1.55-/im DFB laser at several bias levels [70]. The 3-dB modulation

bandwidth, /3 dB> is defined as the frequency at which \H((Om ) \

is reduced by 3 dB (by

a factor of 2) compared with its direct-current (dc) value. Equation (3.5.22) provides

the following analytic expression for /3 dB :

1

/3dB =
2^ L

Qr + + r£)
1/2

For most lasers, Tr <C Qr, and can be approximated by

1 1/2

/3dB
(3GNPh \

l/2
\3Gn .

4^-J
= [wWth)

n 1/2

(3.5.23)

(3.5.24)

where Q# was approximated by (GG^Pb) 1 ^2 in Eq. (3.5.21) and G was replaced by

1 /xp since gain equals loss in the above-threshold regime. The last expression was

obtained by using Eq. (3.5.7) at the bias level.

Equation (3.5.24) provides a remarkably simple expression for the modulation

bandwidth. It shows that /3 dB increases with an increase in the bias level as y/Pt,

or as (I\)
—

/th)
1 /2

- This square-root dependence has been verified for many DFB lasers

exhibiting a modulation bandwidth of up to 30 GHz [67]—[70]. Figure 3.21 shows how

/3 dB can be increased to 24 GHz for a DFB laser by biasing it at 80 mA [70]. A mod-

ulation bandwidth of 25 GHz was realized in 1994 for a packaged 1.55-/im InGaAsP

laser specifically designed for high-speed response [68].

3.5.3 Large-Signal Modulation

The small-signal analysis, although useful for a qualitative understanding of the modu-

lation response, is not generally applicable to optical communication systems where the

laser is typically biased close to threshold and modulated considerably above threshold

to obtain optical pulses representing digital bits. In this case of large-signal modulation,

the rate equations should be solved numerically. Figure 3.22 shows, as an example, the

shape of the emitted optical pulse for a laser biased at It, = 1 . l/th and modulated at

2 Gb/s using rectangular current pulses of duration 500 ps and amplitude Im = 7^.

The optical pulse does not have sharp leading and trailing edges because of a limited

modulation bandwidth and exhibits a rise time ~ 100 ps and a fall time ~ 300 ps.

The initial overshoot near the leading edge is a manifestation of relaxation oscillations.

Even though the optical pulse is not an exact replica of the applied electrical pulse,

deviations are small enough that semiconductor lasers can be used in practice.

As mentioned before, amplitude modulation in semiconductor lasers is accompa-

nied by phase modulation governed by Eq. (3.5. 16). A time-varying phase is equivalent

to transient changes in the mode frequency from its steady-state value Vo- Such a pulse

is called chirped. Tht frequency chirp Sv(t) is obtained by using Eq. (3.5.16) and is

given by

«v(f) =
1 d(f)

2k dt

ft

An
Gn(N — Nq)—

—

(3.5.25)
Lp J

The dashed curve in Fig. 3.21 shows the frequency chirp across the optical pulse. The

mode frequency shifts toward the blue side near the leading edge and toward the red
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Figure 3.22: Simulated modulation response of a semiconductor laser to 500-ps rectangular

current pulses. Solid curve shows the pulse shape and the dashed curve shows the frequency

chirp imposed on the pulse (/3C = 5).

side near the trailing edge of the optical pulse [71]. Such a frequency shift implies

that the pulse spectrum is considerably broader than that expected in the absence of

frequency chirp.

It was seen in Section 2.4 that the frequency chirp can limit the performance of

optical communication systems, especially when P2C > 0, where p2 is the dispersion

parameter and C is the chirp parameter. Even though optical pulses emitted from semi-

conductors are generally not Gaussian, the analysis of Section 2.4 can be used to study

chirp-induced pulse broadening [72] if we identify C with — /3 C in Eq. (2.4.23). It turns

out that 1.55-jUm lightwave systems are limited to distances below 100 km even at a

bit rate of 2.5 Gb/s because of the frequency chirp [71] when conventional fibers are

used (02 ~ —20 ps
2/km). Higher bit rates and longer distances can only be realized by

using a dispersion management scheme so that the average dispersion is close to zero

(see Chapter 7).

Since frequency chirp is often the limiting factor for lightwave systems operat-

ing near 1.55 gm, several methods have been used to reduce its magnitude [73]—[77].

These include pulse-shape tailoring, injection locking, and coupled-cavity schemes. A
direct way to reduce the frequency chirp is to design semiconductor lasers with small

values of the linewidth enhancement factor /3 C . The use of quantum-well design re-

duces pc by about a factor of about 2. A further reduction occurs for strained quantum

wells [76]. Indeed, pc ~ 1 has been measured in modulation-doped strained MQW
lasers [77]. Such lasers exhibit low chirp under direct modulation. The frequency

chirp resulting from current modulation can be avoided altogether if the laser is contin-

uously operated, and an external modulator is used to modulate the laser output [78].

In practice, lightwave systems operating at 10 Gb/s or more use either a monolithically
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integrated electroabsorption modulator or an external LiNbO 3 modulator (see Section

3.6). One can even design a modulator to reverse the sign of chirp such that P 2C < 0,

resulting in improved system performance.

Lightwave system designed using the RZ format, optical time-division multiplex-

ing, or solitons often require mode-locked lasers that generate short optical pulses

(width ~ 10 ps) at a high repetition rate equal to the bit rate. External-cavity semi-

conductor lasers can be used for this purpose, and are especially practical if a fiber

grating is used for an external mirror. An external modulator is still needed to impose

the data on the mode-locked pulse train; it blocks pulses in each bit slot corresponding

to 0 bits. The gain switching has also been used to generate short pulses from a semi-

conductor laser. A mode-locked fiber laser can also be used for the same purpose [79].

3.5.4 Relative Intensity Noise

The output of a semiconductor laser exhibits fluctuations in its intensity, phase, and

frequency even when the laser is biased at a constant current with negligible current

fluctuations. The two fundamental noise mechanisms are spontaneous emission and

electron-hole recombination (shot noise). Noise in semiconductor lasers is dominated

by spontaneous emission. Each spontaneously emitted photon adds to the coherent field

(established by stimulated emission) a small field component whose phase is random,

and thus perturbs both amplitude and phase in a random manner. Moreover, such

spontaneous-emission events occur randomly at a high rate (~ 10 12
s
-1

) because of a

relatively large value ofR sp in semiconductor lasers. The net result is that the intensity

and the phase of the emitted light exhibit fluctuations over a time scale as short as

100 ps. Intensity fluctuations lead to a limited signal-to-noise ratio (SNR), whereas

phase fluctuations lead to a finite spectral linewidth when semiconductor lasers are

operated at a constant current. Since such fluctuations can affect the performance of

lightwave systems, it is important to estimate their magnitude [80].

The rate equations can be used to study laser noise by adding a noise term, known

as the Langevin force, to each of them [81]. Equations (3.5.1), (3.5.2), and (3.5.16)

then become

dP

dt

dN
dt

d(j)

dt

P ERsp + Fp(t),

I

q

- ~GP+FN {t ),
Tc

Gn(N-N0)-—
^ I)

(3.5.26)

(3.5.27)

(3.5.28)

where Fp (t), F^(t), and F^{t) are the Langevin forces. They are assumed to be Gaus-

sian random processes with zero mean and to have a correlation function of the form

(the Markoffian approximation)

(Fi(t)Fj (t')) = 2Dij8(t-t'), (3.5.29)
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Figure 3.23: RIN spectra at several power levels for a typical 1.55-jUm semiconductor laser.

where iff = P, N, or 0, angle brackets denote the ensemble average, and D ij is called

the diffusion coefficient. The dominant contribution to laser noise comes from only

two diffusion coefficients Dpp = PspP and Dqq = Psp/4P; others can be assumed to be

nearly zero [82].

The intensity-autocorrelation function is defined as

cpp {
r) = (SP(t)SP(t + T))/P

2
,

(3.5.30)

where P = (P) is the average value and 8P = P — P represents a small fluctuation. The

Fourier transform of Cpp (
t) is known as the relative-intensity-noise (RIN) spectrum

and is given by

/

oo

Cpp (t) exp(—icot)dt. (3.5.31)
-oo

The RIN can be calculated by linearizing Eqs. (3.5.26) and (3.5.27) in SP and SN ,

solving the linearized equations in the frequency domain, and performing the average

with the help of Eq. (3.5.29). It is given approximately by [2]

RIN(ffl)
2j? Sp{ (1% + (Q

2
) + GnP[GnP{ 1 + N/XCRSVP) - 2Tn ] }

p[(aR -C0) 2 + r|] [(£2* + co)
2 + r|]

(3.5.32)

where Qp and Fr are the frequency and the damping rate of relaxation oscillations.

They are given by Eq. (3.5.21), with P^ replaced by P.

Figure 3.23 shows the calculated RIN spectra at several power levels for a typi-

cal 1.55-jUm InGaAsP laser. The RIN is considerably enhanced near the relaxation-

oscillation frequency FIr but decreases rapidly for co FIr, since the laser is not able

to respond to fluctuations at such high frequencies. In essence, the semiconductor laser
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acts as a bandpass filter of bandwidth Qr to spontaneous-emission fluctuations. At

a given frequency, RIN decreases with an increase in the laser power as P~ 3
at low

powers, but this behavior changes to P~ l dependence at high powers.

The autocorrelation function Cpp (
t) is calculated using Eqs. (3.5.31) and (3.5.32).

The calculation shows that Cpp (
t) follows relaxation oscillations and approaches zero

for t > T^ 1

[83]. This behavior indicates that intensity fluctuations do not remain cor-

related for times longer than the damping time of relaxation oscillations. The quantity

of practical interest is the SNR defined as P/op , where op is the root-mean-square

(RMS) noise. From Eq. (3.5.30), SNR = [Cpp (0)]
-1

/2
. At power levels above a few

milliwatts, the SNR exceeds 20 dB and improves linearly with the power as

SNR^f-^-Vp. (3.5.33)
\Rsp Tp )

The presence of £nl indicates that the nonlinear form of the gain in Eq. (3.5.15) plays

a crucial role. This form needs to be modified at high powers. Indeed, a more accu-

rate treatment shows that the SNR eventually saturates at a value of about 30 dB and

becomes power independent [83].

So far, the laser has been assumed to oscillate in a single longitudinal mode. In

practice, even DFB lasers are accompanied by one or more side modes. Even though

side modes remain suppressed by more than 20 dB on the basis of the average power,

their presence can affect the RIN significantly. In particular, the main and side modes

can fluctuate in such a way that individual modes exhibit large intensity fluctuations,

but the total intensity remains relatively constant. This phenomenon is called mode-

partition noise (MPN) and occurs due to an anticorrelation between the main and side

modes [2]. It manifests through the enhancement of RIN for the main mode by 20 dB
or more in the low-frequency range 0-1 GHz; the exact value of the enhancement factor

depends on the MSR [84]. In the case of a VCSEL, the MPN involves two transverse

modes. [85]. In the absence of fiber dispersion, MPN would be harmless for optical

communication systems, as all modes would remain synchronized during transmis-

sion and detection. However, in practice all modes do not arrive simultaneously at the

receiver because they travel at slightly different speeds. Such a desynchronization not

only degrades the SNR of the received signal but also leads to intersymbol interference.

The effect ofMPN on the system performance is discussed in Section 7.4.3.

3.5.5 Spectral Linewidth

The spectrum of emitted light is related to the field-autocorrelation function T ee{ t)

through a Fourier-transform relation similar to Eq. (3.5.31), i.e.,

/

oo

r££(f)exp[— i((o — coo)t] dT, (3.5.34)
-oo

where Tee(3) = (E*(t)E(t + t)) a.n&E(t) = y/Pexp(i(j)) is the optical field. If intensity

fluctuations are neglected, Tee(i) is given by

TEE{t) = (exp[iA0(f)]> = exp[— (A0 2
(t))/2], (3.5.35)
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where the phase fluctuation A0 (t) = </>(t + t) — (j)(t) is taken to be a Gaussian random

process. The phase variance (A0 2
(t)) can be calculated by linearizing Eqs. (3.5.26)-

(3.5.28) and solving the resulting set of linear equations. The result is [82]

(A02
(T)) = %[(l+^)T+^^[cos(35)- e

-r^cos(Q^-35)]

where

2P

b — lir/(q^ + and 5 = tan
1
(Tr/Q.r).

(3.5.36)

(3.5.37)

The spectrum is obtained by using Eqs. (3.5.34)-(3.5.36). It is found to consist of a

dominant central peak located at too and multiple satellite peaks located at co = (Oq ±
mQ.R, where m is an integer. The amplitude of satellite peaks is typically less than 1% of

that of the central peak. The physical origin of the satellite peaks is related to relaxation

oscillations, which are responsible for the term proportional to b in Eq. (3.5.36). If this

term is neglected, the autocorrelation function Tee{ t) decays exponentially with t.

The integral in Eq. (3.5.34) can then be performed analytically, and the spectrum is

found to be Lorentzian. The spectral linewidth Av is defined as the full-width at half-

maximum (FWHM) of this Lorentzian line and is given by [82]

Av = /?sp (l +/3c

2
)/(47z:P), (3.5.38)

where b = 1 was assumed as Tr <C Qr under typical operating conditions. The linewidth

is enhanced by a factor of 1 + p
2
as a result of the amplitude-phase coupling governed

by Pc in Eq. (3.5.28); pc is called the linewidth enhancement factor for this reason.

Equation (3.5.38) shows that Av should decrease as P~ l with an increase in the

laser power. Such an inverse dependence is observed experimentally at low power

levels (< 10 mW) for most semiconductor lasers. However, often the linewidth is found

to saturate to a value in the range 1-10 MHz at a power level above 10 mW. Figure 3.24

shows such linewidth-saturation behavior for several 1.55-jum DFB lasers [86]. It also

shows that the linewidth can be reduced considerably by using a MQW design for the

DFB laser. The reduction is due to a smaller value of the parameter p c realized by such

a design. The linewidth can also be reduced by increasing the cavity length L, since

Rs

p

decreases and P increases at a given output power as L is increased. Although not

obvious from Eq. (3.5.38), Av can be shown to vary as L ~ 2 when the length dependence

of R s

p

and P is incorporated. As seen in Fig. 3.24, Av is reduced by about a factor of

4 when the cavity length is doubled. The 800-jUm-long MQW-DFB laser is found to

exhibit a linewidth as small as 270 kHz at a power output of 13.5 mW [86]. It is further

reduced in strained MQW lasers because of relatively low values of p c , and a value of

about 100 kHz has been measured in lasers with p c
. « 1 [77]. It should be stressed,

however, that the linewidth of most DFB lasers is typically 5-10 MHz when operating

at a power level of 10 mW.
Figure 3.24 shows that as the laser power increases, the linewidth not only saturates

but begins to rebroaden. Several mechanisms have been invoked to explain such behav-

ior; a few of them are current noise, 1 // noise, nonlinear gain, sidemode interaction,

and index nonlinearity [87]—[94]. The linewidth of most DFB lasers is small enough

that it is not a limiting factor for lightwave systems.
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Figure 3.24: Measured linewidth as a function of emitted power for several 1.55-jUm DFB lasers.

Active layer is 100 nm thick for the bulk laser and 10 nm thick forMQW lasers. (After Ref. [86];

©1991 IEEE; reprinted with permission.)

3.6 Transmitter Design

So far this chapter has focused on the properties of optical sources. Although an optical

source is a major component of optical transmitters, it is not the only component. Other

components include a modulator for converting electrical data into optical form (if

direct modulation is not used) and an electrical driving circuit for supplying current to

the optical source. An external modulator is often used in practice at bit rates of 10 Gb/s

or more for avoiding the chirp that is invariably imposed on the directly modulated

signal. This section covers the design of optical transmitters with emphasis on the

packaging issues [95]—[105].

3.6.1 Source-Fiber Coupling

The design objective for any transmitter is to couple as much light as possible into the

optical fiber. In practice, the coupling efficiency depends on the type of optical source

(LED versus laser) as well as on the type of fiber (multimode versus single mode). The

coupling can be very inefficient when light from an LED is coupled into a single-mode

fiber. As discussed briefly in Section 3.2.1, the coupling efficiency for an LED changes

with the numerical aperture, and can become < 1% in the case of single-mode fibers.

In contrast, the coupling efficiency for edge-emitting lasers is typically 40-50% and

can exceed 80% for VCSELs because of their circular spot size. A small piece of fiber

(known as a pigtail) is included with the transmitter so that the coupling efficiency can
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Header Laser Laser alignment

Figure 3.25: Transmitters employing (a) butt-coupling and (b) lens-coupling designs. (After

Ref. [97]; ©1989 AT&T; reprinted with permission.)

be maximized during packaging; a splice or connector is used to join the pigtail with

the fiber cable.

Two approaches have been used for source-fiber coupling. In one approach, known

as direct or butt coupling , the fiber is brought close to the source and held in place by

epoxy. In the other, known as lens coupling , a lens is used to maximize the coupling

efficiency. Each approach has its own merits, and the choice generally depends on

the design objectives. An important criterion is that the coupling efficiency should not

change with time; mechanical stability of the coupling scheme is therefore a necessary

requirement.

An example of butt coupling is shown in Fig. 3.25(a), where the fiber is brought in

contact with a surface-emitting LED. The coupling efficiency for a fiber of numerical

aperture NA is given by [96]

nc = {l-Rf)(NA) 2
,

(3.6.1)

where Rf is the reflectivity at the fiber front end. Rf is about 4% if an air gap exists

between the source and the fiber but can be reduced to nearly zero by placing an index-

matching liquid. The coupling efficiency is about 1% for a surface-emitting LED and

roughly 10% for an edge-emitting LED. Some improvement is possible in both cases
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by using fibers that are tapered or have a lensed tip. An external lens also improves the

coupling efficiency but only at the expense of reduced mechanical tolerance.

The coupling of a semiconductor laser to a single-mode optical fiber is more effi-

cient than that of an LED. The butt coupling provides only about 10% efficiency, as it

makes no attempt to match the mode sizes of the laser and the fiber. Typically, index-

guided InGaAsP lasers have a mode size of about 1 gm, whereas the mode size of a

single-mode fiber is in the range 6-9 gm. The coupling efficiency can be improved by

tapering the fiber end and forming a lens at the fiber tip. Figure 3.25(a) shows such

a butt-coupling scheme for a commercial transmitter. The fiber is attached to a jewel,

and the jewel is attached to the laser submount by using an epoxy [97]. The fiber tip is

aligned with the emitting region of the laser to maximize the coupling efficiency (typ-

ically 40%). The use of a lensed fiber can improve the coupling efficiency, and values

close to 100% have been realized with an optimum design [98]—[100].

Figure 3.25(b) shows a lens-coupling approach for transmitter design. The coupling

efficiency can exceed 70% for such a confocal design in which a sphere is used to

collimate the laser light and focus it onto the fiber core. The alignment of the fiber

core is less critical for the confocal design because the spot size is magnified to match

the fiber’s mode size. The mechanical stability of the package is ensured by soldering

the fiber into a ferrule which is secured to the body by two sets of laser alignment

welds. One set of welds establishes proper axial alignment, while the other set provides

transverse alignment.

The laser-fiber coupling issue remains important, and several new schemes have

been developed during the 1990s [101]—[105]. In one approach, a silicon optical bench

is used to align the laser and the fiber [101]. In another, a silicon micromirror, fabri-

cated by using the micro-machining technology, is used for optical alignment ( 102]. In

a different approach, a directional coupler is used as the spot-size converter for maxi-

mizing the coupling efficiency [103]. Coupling efficiencies >80% have been realized

by integrating a spot-size converter with semiconductor lasers [105].

An important problem that needs to be addressed in designing an optical transmit-

ter is related to the extreme sensitivity of semiconductor lasers to optical feedback [2].

Even a relatively small amount of feedback (< 0. 1 %) can destabilize the laser and affect

the system performance through phenomena such as linewidth broadening, mode hop-

ping, and RIN enhancement [106]—[1 10]. Attempts are made to reduce the feedback

into the laser cavity by using antireflection coatings. Feedback can also be reduced by

cutting the fiber tip at a slight angle so that the reflected light does not hit the active

region of the laser. Such precautions are generally enough to reduce the feedback to a

tolerable level. However, it becomes necessary to use an optical isolator between the

laser and the fiber in transmitters designed for more demanding applications. One such

application corresponds to lightwave systems operating at high bit rates and requiring

a narrow-linewidth DFB laser.

Most optical isolators make use of the Faraday effect , which governs the rotation

of the plane of polarization of an optical beam in the presence of a magnetic field:

The rotation is in the same direction for light propagating parallel or antiparallel to

the magnetic field direction. Optical isolators consist of a rod of Faraday material

such as yttrium iron garnet (YIG), whose length is chosen to provide 45 ° rotation.

The YIG rod is sandwiched between two polarizers whose axes are tilted by 45 ° with
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Figure 3.26: Driving circuit for a laser transmitter with feedback control to keep the average

optical power constant. A photodiode monitors the output power and provides the control signal.

(After Ref. [95]; ©1988 Academic Press; reprinted with permission.)

respect to each other. Light propagating in one direction passes through the second

polarizer because of the Faraday rotation. By contrast, light propagating in the opposite

direction is blocked by the first polarizer. Desirable characteristics of optical isolators

are low insertion loss, high isolation (> 30 dB), compact size, and a wide spectral

bandwidth of operation. A very compact isolator can be designed if the lens in Fig.

3.25(b) is replaced by a YIG sphere so that it serves a dual purpose [111]. As light

from a semiconductor laser is already polarized, a signal polarizer placed between the

YIG sphere and the fiber can reduce the feedback by more than 30 dB.

3.6.2 Driving Circuitry

The purpose of driving circuitry is to provide electrical power to the optical source and

to modulate the light output in accordance with the signal that is to be transmitted.

Driving circuits are relatively simple for LED transmitters but become increasingly

complicated for high-bit-rate optical transmitters employing semiconductor lasers as

an optical source [95]. As discussed in Section 3.5.2, semiconductor lasers are biased

near threshold and then modulated through an electrical time-dependent signal. Thus

the driving circuit is designed to supply a constant bias current as well as modulated

electrical signal. Furthermore, a servo loop is often used to keep the average optical

power constant.

Figure 3.26 shows a simple driving circuit that controls the average optical power

through a feedback mechanism. A photodiode monitors the laser output and generates

the control signal that is used to adjust the laser bias level. The rear facet of the laser

is generally used for the monitoring purpose (see Fig. 3.25). In some transmitters a

front-end tap is used to divert a small fraction of the output power to the detector.

The bias-level control is essential, since the laser threshold is sensitive to the operating
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Figure 3.27: Two kinds of external modulators: (a) LiNb03 modulator in the Mach-Zehnder

configuration; (b) semiconductor modulator based on electroabsorption.

temperature. The threshold current also increases with aging of the transmitter because

of gradual degradation of the semiconductor laser.

The driving circuit shown in Fig. 3.26 adjusts the bias level dynamically but leaves

the modulation current unchanged. Such an approach is acceptable if the slope ef-

ficiency of the laser does not change with aging. As discussed in Section 3.5.1 and

seen in Fig. 3.20, the slope efficiency of the laser generally decreases with an increase

in temperature. A thermoelectric cooler is often used to stabilize the laser tempera-

ture. An alternative approach consists of designing driving circuits that use dual-loop

feedback circuits and adjust both the bias current and the modulation current automat-

ically [112].

3.6.3 Optical Modulators

At bit rates of 10 Gb/s or higher, the frequency chirp imposed by direct modulation

becomes large enough that direct modulation of semiconductor lasers is rarely used.

For such high-speed transmitters, the laser is biased at a constant current to provide the

CW output, and an optical modulator placed next to the laser converts the CW light

into a data-coded pulse train with the right modulation format.

Two types of optical modulators developed for lightwave system applications are

shown in Fig. 3.27. The electroabsorption modulator makes use of the Franz-Keldysh

effect, according to which the bandgap of a semiconductor decreases when an electric

field is applied across it. Thus, a transparent semiconductor layer begins to absorb

light when its bandgap is reduced electronically by applying an external voltage. An
extinction ratio of 15 dB or more can be realized for an applied reverse bias of a few

volts at bit rates of up to 40 Gb/s ( 1 13]—[120]. Although some chirp is still imposed

on coded pulses, it can be made small enough not to be detrimental for the system

performance.

An advantage of electroabsorption modulators is that they are made using the same

semiconductor material that is used for the laser, and thus the two can be easily inte-
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grated on the same chip. Low-chirp transmission at a bit rate of 5 Gb/s was demon-

strated as early as 1994 by integrating an electroabsorption modulator with a DBR
laser [114]. By 1999, 10-Gb/s optical transmitters with an integrated electroabsorption

modulator were available commercially and were used routinely for WDM lightwave

systems [119]. By 2001, such integrated modulators exhibited a bandwidth of more

than 50 GHz and had the potential of operating at bit rates of up to 100 Gb/s [120].

An electroabsorption modulator can also be used to generate ultrashort pulses suitable

for optical time-division multiplexing (OTDM). A DFB laser, integrated monolithi-

cally with a MQW modulator, was used as early as 1993 to generate a 20-GHz pulse

train [113]. The 7-ps output pulses were nearly transform-limited because of an ex-

tremely low chirp associated with the modulator. A 40-GHz train of 1.6 ps pulses was

produced in 1999 using an electroabsorption modulator; such pulses can be used for

OTDM systems operating at a bit rate of 160 Gb/s [116].

The second category of optical modulators makes use of the LiNb03 material

and a Mach-Zehnder (MZ) interferometer for intensity modulation [121]— [ 126]. Two
titanium-diffused LiNb03 waveguides form the two arms of a MZ interferometer (see

Fig. 3.27). The refractive index of electro-optic materials such as LiNb03 can be

changed by applying an external voltage. In the absence of external voltage, the optical

fields in the two arms of the MZ interferometer experience identical phase shifts and in-

terfere constructively. The additional phase shift introduced in one of the arms through

voltage-induced index changes destroys the constructive nature of the interference and

reduces the transmitted intensity. In particular, no light is transmitted when the phase

difference between the two arms equals k , because of destructive interference occur-

ring in that case. As a result, the electrical bit stream applied to the modulator produces

an optical replica of the bit stream.

The performance of an external modulator is quantified through the on-off ratio

(also called extinction ratio) and the modulation bandwidth. Modern LiNbO 3 mod-

ulators provide an on-off ratio in excess of 20 and can be modulated at speeds up

to 75 GHz [122]. The driving voltage is typically 5 V but can be reduced to below

3 V with a suitable design [125]. LiNbO 3 modulators with a bandwidth of 10 GHz
were available commercially by 1998, and the bandwidth increased to 40 GHz by

2000 [126].

Other materials can also be used to make external modulators. For example, mod-

ulators have been fabricated using electro-optic polymers. Already in 1995 such a

modulator exhibited a modulation bandwidth of up to 60 GHz [127]. In a 2001 ex-

periment, a polymeric electro-optic MZ modulator required only 1.8 V for shifting the

phase of a 1.55-jum signal by n in one of the arms of the MZ interferometer [128].

The device was only 3 cm long and exhibited about 5-dB chip losses. With further

development, such modulators may find applications in lightwave systems.

3.6.4 Optoelectronic Integration

The electrical components used in the driving circuit determine the rate at which the

transmitter output can be modulated. For lightwave transmitters operating at bit rates

above 1 Gb/s, electrical parasitics associated with various transistors and other compo-

nents often limit the transmitter performance. The performance of high-speed trans-
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mitters can be improved considerably by using monolithic integration of the laser

with the driver. Since optical and electrical devices are fabricated on the same chip,

such monolithic transmitters are referred to as optoelectronic integrated-circuit (OEIC)

transmitters. The OEIC approach was first applied to integration of GaAs lasers,

since the technology for fabrication of GaAs electrical devices is relatively well es-

tablished [129]—[131]. The technology for fabrication of InP OEICs evolved rapidly

during the 1990s [132]—[136]. A 1.5-jum OEIC transmitter capable of operating at

5 Gb/s was demonstrated in 1988 [132]. By 1995, 10-Gb/s laser transmitters were fab-

ricated by integrating 1.55-/xm DFB lasers with field-effect transistors made with the

InGaAs/InAlAs material system. Since then, OEIC transmitters with multiple lasers

on the same chip have been developed forWDM applications (see Chapter 8).

A related approach to OEIC integrates the semiconductor laser with a photodetec-

tor [137]—[139] and/or with a modulator [ 1 17]—[120]. The photodetector is generally

used for monitoring and stabilizing the output power of the laser. The role of the modu-

lator is to reduce the dynamic chirp occurring when a semiconductor laser is modulated

directly (see Section 3.5.2). Photodetectors can be fabricated by using the same mate-

rial as that used for the laser (see Chapter 4).

The concept of monolithic integration can be extended to build single-chip trans-

mitters by adding ah functionality on the same chip. Considerable effort has been

directed toward developing such OEICs, often called photonic integrated circuits [6],

which integrate on the same chip multiple optical components, such as lasers, detectors,

modulators, amplifiers, filters, and waveguides [140]— [ 145]. Such integrated circuits

should prove quite beneficial to lightwave technology.

3.6.5 Reliability and Packaging

An optical transmitter should operate reliably over a relatively long period of time (10

years or more) in order to be useful as a major component of lightwave systems. The

reliability requirements are quite stringent for undersea lightwave systems, for which

repairs and replacement are prohibitively expensive. By far the major reason for failure

of optical transmitters is the optical source itself. Considerable testing is performed

during assembly and manufacture of transmitters to ensure a reasonable lifetime for

the optical source. It is common [95] to quantify the lifetime by a parameter tp known

as mean time to failure (MTTF). Its use is based on the assumption of an exponential

failure probability [Pp = exp(—t/tp)]. Typically, tp should exceed 10 5 hours (about

1 1 years) for the optical source. Reliability of semiconductor lasers has been studied

extensively to ensure their operation under realistic operating conditions [ 146]— [ 15 1]

.

Both LEDs and semiconductor lasers can stop operating suddenly (catastrophic

degradation) or may exhibit a gradual mode of degradation in which the device effi-

ciency degrades with aging [147]. Attempts are made to identify devices that are likely

to degrade catastrophically. A common method is to operate the device at high temper-

atures and high current levels. This technique is referred to as bum-in or accelerated

aging [146] and is based on the assumption that under high-stress conditions weak de-

vices will fail, while others will stabilize after an initial period of rapid degradation.

The change in the operating current at a constant power is used as a measure of de-

vice degradation. Figure 3.28 shows the change in the operating current of a 1.3-jum
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Figure 3.28: Change in current as a function of time for a 1.3-jUm InGaAsP laser aged at 6CTC

with 5 mW of output power. (After Ref. [148]; ©1985 AT&T; reprinted with permission.)

InGaAsP laser aged at 60°C under a constant output power of 5 mW from each facet.

The operating current for this laser increases by 40% in the first 400 hours but then

stabilizes and increases at a much reduced rate indicative of gradual degradation. The

degradation rate can be used to estimate the laser lifetime and the MTTF at the elevated

temperature. The MTTF at the normal operating temperature is then extrapolated by

using an Arrhenius-type relation tp = ^oexp(—Ea/ksT), where to is a constant and Ea

is the activation energy with a typical value of about 1 eV [147]. Physically, grad-

ual degradation is due to the generation of various kinds of defects (dark-line defects,

dark-spot defects) within the active region of the laser or LED [2].

Extensive tests have shown that LEDs are normally more reliable than semicon-

ductor lasers under the same operating conditions. The MTTF for GaAs LEDs easily

exceeds 106 hours and can be > 10 7 hours at 25°C [147]. The MTTF for InGaAsP

LEDs is even larger, approaching a value ~ 10 9 hours. By contrast, the MTTF for In-

GaAsP lasers is generally limited to 106 hours at 25°C [148]—[150]. Nonetheless, this

value is large enough that semiconductor lasers can be used in undersea optical trans-

mitters designed to operate reliably for a period of 25 years. Because of the adverse

effect of high temperatures on device reliability, most transmitters use a thermoelectric

cooler to maintain the source temperature near 20 °C even when the outside temperature

may be as high as 80°C.

Even with a reliable optical source, a transmitter may fail in an actual system if the

coupling between the source and the fiber degrades with aging. Coupling stability is an

important issue in the design of reliable optical transmitters. It depends ultimately on

the packaging of transmitters. Although LEDs are often packaged nonhermetically, an

hermetic environment is essential for semiconductor lasers. It is common to package

the laser separately so that it is isolated from other transmitter components. Figure

3.25 showed two examples of laser packages. In the butt-coupling scheme, an epoxy
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is used to hold the laser and fiber in place. Coupling stability in this case depends

on how epoxy changes with aging of the transmitter. In the lens-coupling scheme,

laser welding is used to hold various parts of the assembly together. The laser package

becomes a part of the transmitter package, which includes other electrical components

associated with the driving circuit. The choice of transmitter package depends on the

type of application; a dual-in-line package or a butterfly housing with multiple pins is

typically used.

Testing and packaging of optical transmitters are two important parts of the manu-

facturing process ( 149], and both of them add considerably to the cost of a transmitter.

The development of low-cost packaged transmitters is necessary, especially for local-

area and local-loop applications.

Problems

3.1 Show that the external quantum efficiency of a planar LED is given approx-

imately by qext = n~ l
(n -b l)

-2
, where n is the refractive index of the semi-

conductor-air interface. Consider Fresnel reflection and total internal reflection

at the output facet. Assume that the internal radiation is uniform in all directions.

3.2 Prove that the 3-dB optical bandwidth of a LED is related to the 3-dB electrical

bandwidth by the relation /3 dB (optical) = V3/3dB (electrical).

3.3 Find the composition of the quaternary alloy InGaAsP for making semiconductor

lasers operating at 1.3- and 1.55-jUm wavelengths.

3.4 The active region of a 1.3-jum InGaAsP laser is 250 gm long. Find the active-

region gain required for the laser to reach threshold. Assume that the internal

loss is 30 cm-1
, the mode index is 3.3, and the confinement factor is 0.4.

3.5 Derive the eigenvalue equation for the transverse-electric (TE) modes of a pla-

nar waveguide of thickness d and refractive index n \ sandwiched between two

cladding layers of refractive index n 2 . (Hint: Follow the method of Section 2.2.2

using Cartesian coordinates.)

3.6 Use the result of Problem 3.5 to find the single-mode condition. Use this condi-

tion to find the maximum allowed thickness of the active layer for a 1 .3-jUm semi-

conductor laser. How does this value change if the laser operates at 1.55 /im?

Assume n\ =3.5 and n2 = 3.2.

3.7 Solve the rate equations in the steady state and obtain the analytic expressions for

P and A as a function of the injection current /. Neglect spontaneous emission

for simplicity.

3.8 A semiconductor laser is operating continuously at a certain current. Its output

power changes slightly because of a transient current fluctuation. Show that the

laser power will attain its original value through an oscillatory approach. Obtain

the frequency and the damping time of such relaxation oscillations.

3.9 A 250-/1 m-long InGaAsP laser has an internal loss of 40 cm -1
. It operates in

a single mode with the modal index 3.3 and the group index 3.4. Calculate the
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photon lifetime. What is the threshold value of the electron population? Assume

that the gain varies as G = Gn{N — No) with Gn = 6 x 103
s
_1

and No = lx 108
.

3.10 Determine the threshold current for the semiconductor laser of Problem 3.9 by

taking 2 ns as the carrier lifetime. How much power is emitted from one facet

when the laser is operated twice above threshold?

3.11 Consider the laser of Problem 3.9 operating twice above threshold. Calculate

the differential quantum efficiency and the external quantum efficiency for the

laser. What is the device (wall-plug) efficiency if the external voltage is 1.5 V?
Assume that the internal quantum efficiency is 90%.

3.12 Calculate the frequency (in GHz units) and the damping time of the relaxation

oscillations for the laser of Problem 3.9 operating twice above threshold. Assume

that Gp = —4 x 104 s
-1

, where Gp is the derivative of G with respect to P. Also

assume that Rsp = 2/

x

p .

3.13 Determine the 3-dB modulation bandwidth for the laser of Problem 3.1 1 biased

to operate twice above threshold. What is the corresponding 3-dB electrical

bandwidth?

3.14 The threshold current of a semiconductor laser doubles when the operating tem-

perature is increased by 50°C. What is the characteristic temperature of the laser?

3.15 Derive an expression for the 3-dB modulation bandwidth by assuming that the

gain G in the rate equations varies with N and P as

G{N,P) =Gn(N— No)(1+P/Ps)-
1/2

.

Show that the bandwidth saturates at high operating powers.

3.16 Solve the rate equations (3.5.1) and (3.5.2) numerically by using I(t) = /& +
Imfp(t ), where fp (t) represents a rectangular pulse of 200-ps duration. Assume

that Ib/hh = 0.8, Im/hh = 3, Tp = 3 ps, tc = 2 ns, and Rsp = 2/tp . Use Eq.

(3.5.15) for the gain G with Gjy = 104 s
-1

, No = 108
, and £nl = 10

-7
. Plot

the optical pulse shape and the frequency chirp. Why is the optical pulse much

shorter than the applied current pulse?

3.17 Complete the derivation of Eq. (3.5.32) for the RIN. How does this expression

change if the gain G is assumed of the form of Problem 3.15?

3.18 Calculate the autocorrelation Cpp (
t) by using Eqs. (3.5.31) and (3.5.32). Use it

to derive an expression for the SNR of the laser output.
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Chapter 4

Optical Receivers

The role of an optical receiver is to convert the optical signal back into electrical form

and recover the data transmitted through the lightwave system. Its main component is

a photodetector that converts light into electricity through the photoelectric effect. The

requirements for a photodetector are similar to those of an optical source. It should

have high sensitivity, fast response, low noise, low cost, and high reliability. Its size

should be compatible with the fiber-core size. These requirements are best met by pho-

todetectors made of semiconductor materials. This chapter focuses on photodetectors

and optical receivers
[
1]—[9]. We introduce in Section 4.1 the basic concepts behind the

photodetection process and discuss in Section 4.2 several kinds of photodetectors com-

monly used for optical receivers. The components of an optical receiver are described

in Section 4.3 with emphasis on the role played by each component. Section 4.4 deals

with various noise sources that limit the signal-to-noise ratio in optical receivers. Sec-

tions 4.5 and 4.6 are devoted to receiver sensitivity and its degradation under nonideal

conditions. The performance of optical receivers in actual transmission experiments is

discussed in Section 4.7.

4.1 Basic Concepts

The fundamental mechanism behind the photodetection process is optical absorption.

This section introduces basic concepts such as responsivity, quantum efficiency, and

bandwidth that are common to all photodetectors and are needed later in this chapter.

4.1.1 Detector Responsivity

Consider the semiconductor slab shown schematically in Fig. 4.1. If the energy hv of

incident photons exceeds the bandgap energy, an electron-hole pair is generated each

time a photon is absorbed by the semiconductor. Under the influence of an electric field

set up by an applied voltage, electrons and holes are swept across the semiconductor,

resulting in a flow of electric current. The photocurrent Ip is directly proportional to

133
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Incident light

Figure 4.1: A semiconductor slab used as a photodetector.

the incident optical power P[n , i.e.,

Ip — ^m> (4.1.1)

where R is the responsivity of the photodetector (in units of AAV).

The responsivity R can be expressed in terms of a fundamental quantity r\ , called

the quantum efficiency and defined as

electron generation rate Ip /q hv
^

^ photon incidence rate Pm/hv q
(4.1.2)

where Eq. (4.1.1) was used. The responsivity R is thus given by

R=m
hv

r\X

L24’
(4.1.3)

where A = c/v is expressed in micrometers. The responsivity of a photodetector in-

creases with the wavelength A simply because more photons are present for the same

optical power. Such a linear dependence on A is not expected to continue forever be-

cause eventually the photon energy becomes too small to generate electrons. In semi-

conductors, this happens for hv < Eg , whereEg is the bandgap. The quantum efficiency

77 then drops to zero.

The dependence of ?] on A enters through the absorption coefficient a. If the facets

of the semiconductor slab in Fig. 4. 1 are assumed to have an antireflection coating, the

power transmitted through the slab of width W is Ptr
= exp(—aW)Pm . The absorbed

power can be written as

^abs = Pin ~ Ptr = [1 ~ tXp(~aW)}Pin . (4.1.4)

Since each absorbed photon creates an electron-hole pair, the quantum efficiency rj is

given by

n = -Pabs/fm = 1 - exp(-aW). (4.1.5)
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Figure 4.2: Wavelength dependence of the absorption coefficient for several semiconductor ma-

terials. (After Ref. [2]; ©1979 Academic Press; reprinted with permission.)

As expected, rj becomes zero when a = 0. On the other hand, rj approaches 1 if

aW » 1.

Figure 4.2 shows the wavelength dependence of a for several semiconductor ma-

terials commonly used to make photodetectors for lightwave systems. The wavelength

Xc at which a becomes zero is called the cutoff wavelength, as that material can be

used for a photodetector only for A < A c . As seen in Fig. 4.2, indirect-bandgap semi-

conductors such as Si and Ge can be used to make photodetectors even though the

absorption edge is not as sharp as for direct-bandgap materials. Large values of a
(~ 104 cm-1

)
can be realized for most semiconductors, and rj can approach 100% for

W ~ 10 jUm. This feature illustrates the efficiency of semiconductors for the purpose

of photodetection.

4.1.2 Rise Time and Bandwidth

The bandwidth of a photodetector is determined by the speed with which it responds

to variations in the incident optical power. It is useful to introduce the concept of rise

time Tr , defined as the time over which the current builds up from 10 to 90% of its final

value when the incident optical power is changed abruptly. Clearly, Tr will depend on
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the time taken by electrons and holes to travel to the electrical contacts. It also depends

on the response time of the electrical circuit used to process the photocurrent.

The rise time Tr of a linear electrical circuit is defined as the time during which the

response increases from 10 to 90% of its final output value when the input is changed

abruptly (a step function). When the input voltage across an RC circuit changes instan-

taneously from 0 to Vo > the output voltage changes as

VoutW = V0 [l - exp{-t/RC)}, (4.1.6)

where R is the resistance and C is the capacitance of the RC circuit. The rise time is

found to be given by

Tr = (\n9)RC « 2.2trc, (4.1.7)

where Trc = RC is the time constant of the RC circuit.

The rise time of a photodetector can be written by extending Eq.(4.1.7) as

rr =(ln9)(Ttr + T*c), (4.1.8)

where Ttr is the transit time and Trc is the time constant of the equivalent RC circuit.

The transit time is added to trc because it takes some time before the carriers are col-

lected after their generation through absorption of photons. The maximum collection

time is just equal to the time an electron takes to traverse the absorption region. Clearly,

Ttr can be reduced by decreasing W. However, as seen from Eq. (4.1.5), the quantum

efficiency rj begins to decrease significantly for aW < 3. Thus, there is a trade-off be-

tween the bandwidth and the responsivity (speed versus sensitivity) of a photodetector.

Often, the RC time constant trc limits the bandwidth because of electrical parasitics.

The numerical values of Ttr and trc depend on the detector design and can vary over a

wide range.

The bandwidth of a photodetector is defined in a manner analogous to that of a RC
circuit and is given by

A/ = [27r(Ttr + Trc )]

-1
• (4.1.9)

As an example, when Ttr = Trc = 100 ps, the bandwidth of the photodetector is below

1 GHz. Clearly, both Ttr and trc should be reduced below 10 ps for photodetectors

needed for lightwave systems operating at bit rates of 10 Gb/s or more.

Together with the bandwidth and the responsivity, the dark current /j of a pho-

todetector is the third important parameter. Here, Id is the current generated in a pho-

todetector in the absence of any optical signal and originates from stray light or from

thermally generated electron-hole pairs. For a good photodetector, the dark current

should be negligible {Id < 10 nA).

4.2 Common Photodetectors

The semiconductor slab of Fig. 4. 1 is useful for illustrating the basic concepts but such

a simple device is rarely used in practice. This section focuses on reverse-biased p-n

junctions that are commonly used for making optical receivers. Metal-semiconductor-

metal (MSM) photodetectors are also discussed briefly.
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Vq

Figure 4.3: (a) A p-n photodiode under reverse bias; (b) variation of optical power inside the

photodiode; (c) energy-band diagram showing carrier movement through drift and diffusion.

4.2.1 p-n Photodiodes

A reverse-biased p-n junction consists of a region, known as the depletion region , that

is essentially devoid of free charge carriers and where a large built-in electric field

opposes flow of electrons from the /7-side to the p-side (and of holes from p to n).

When such a p-n junction is illuminated with light on one side, say the /7-side (see Fig.

4.3), electron-hole pairs are created through absorption. Because of the large built-in

electric field, electrons and holes generated inside the depletion region accelerate in

opposite directions and drift to the n- and /7-sides, respectively. The resulting flow of

current is proportional to the incident optical power. Thus a reverse-biasedp-n junction

acts as a photodetector and is referred to as the p-n photodiode.

Figure 4.3(a) shows the structure of a p-n photodiode. As shown in Fig. 4.3(b),

optical power decreases exponentially as the incident light is absorbed inside the de-

pletion region. The electron-hole pairs generated inside the depletion region experi-

ence a large electric field and drift rapidly toward the p- or 77-side, depending on the

electric charge [Fig. 4.3(c)]. The resulting current flow constitutes the photodiode re-

sponse to the incident optical power in accordance with Eq. (4.1.1). The responsivity

of a photodiode is quite high (R ~ 1 AAV) because of a high quantum efficiency.

The bandwidth of a p-n photodiode is often limited by the transit time T tr in Eq.

(4.1.9). IfW is the width of the depletion region and vj is the drift velocity, the transit

time is given by

Ttr
= W/Vd . (4.2.1)

Typically, W ~ 10 pm, vj ~ 105
m/s, and Ttr

~ 100 ps. Both W and vj can be opti-

mized to minimize Ttr . The depletion-layer width depends on the acceptor and donor

concentrations and can be controlled through them. The velocity vj depends on the

applied voltage but attains a maximum value (called the saturation velocity) 10
5 m/s

that depends on the material used for the photodiode. The RC time constant Trc can be
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Figure 4.4: Response of a p-n photodiode to a rectangular optical pulse when both drift and

diffusion contribute to the detector current.

written as

Trc = (Rl + Rs)Cp ,
(4.2.2)

where Rl is the external load resistance, R s is the internal series resistance, and Cp is

the parasitic capacitance. Typically, Trc ~ 100 ps, although lower values are possible

with a proper design. Indeed, modern p-n photodiodes are capable of operating at bit

rates of up to 40 Gb/s.

The limiting factor for the bandwidth of p-n photodiodes is the presence of a dif-

fusive component in the photocurrent. The physical origin of the diffusive component

is related to the absorption of incident light outside the depletion region. Electrons

generated in the /7-region have to diffuse to the depletion-region boundary before they

can drift to the n-side; similarly, holes generated in the n-region must diffuse to the

depletion-region boundary. Diffusion is an inherently slow process; carriers take a

nanosecond or longer to diffuse over a distance of about 1 jum. Figure 4.4 shows how
the presence of a diffusive component can distort the temporal response of a photodi-

ode. The diffusion contribution can be reduced by decreasing the widths of the p- and

n-regions and increasing the depletion-region width so that most of the incident opti-

cal power is absorbed inside it. This is the approach adopted for p-i-n photodiodes,

discussed next.

4.2.2 p-i-n Photodiodes

A simple way to increase the depletion-region width is to insert a layer of undoped

(or lightly doped) semiconductor material between the p-n junction. Since the middle
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Au/Au-Sn

Figure 4.5: (a) A p-i-n photodiode together with the electric-field distribution under reverse

bias; (b) design of an InGaAs p-i-n photodiode.

layer consists of nearly intrinsic material, such a structure is referred to as the p-i-n

photodiode. Figure 4.5(a) shows the device structure together with the electric-field

distribution inside it under reverse-bias operation. Because of its intrinsic nature, the

middle /-layer offers a high resistance, and most of the voltage drop occurs across it.

As a result, a large electric field exists in the /-layer. In essence, the depletion region

extends throughout the /-region, and its width W can be controlled by changing the

middle-layer thickness. The main difference from the p-n photodiode is that the drift

component of the photocurrent dominates over the diffusion component simply be-

cause most of the incident power is absorbed inside the /-region of a p-i-n photodiode.

Since the depletion width W can be tailored in p-i-n photodiodes, a natural ques-

tion is how large W should be. As discussed in Section 4.1, the optimum value of W
depends on a compromise between speed and sensitivity. The responsivity can be in-

creased by increasing W so that the quantum efficiency rj approaches 100% [see Eq.

(4.1.5)]. However, the response time also increases, as it takes longer for carriers to

drift across the depletion region. For indirect-bandgap semiconductors such as Si and

Ge, typically W must be in the range 20-50 gm to ensure a reasonable quantum effi-

ciency. The bandwidth of such photodiodes is then limited by a relatively long transit

time (rtr > 200 ps). By contrast, W can be as small as 3-5 gm for photodiodes that use

direct-bandgap semiconductors, such as InGaAs. The transit time for such photodiodes

is Ttr
~ 10 ps. Such values of Ttr correspond to a detector bandwidth A/ ~ 10 GHz if

we use Eq. (4.1.9) with Ttr T^c-

The performance of p-i-n photodiodes can be improved considerably by using a

double-heterostructure design. Similar to the case of semiconductor lasers, the middle

/-type layer is sandwiched between the p-type and rc-type layers of a different semicon-

ductor whose bandgap is chosen such that light is absorbed only in the middle /-layer.

A p-i-n photodiode commonly used for lightwave applications uses InGaAs for the

middle layer and InP for the surrounding /7-type and n-type layers [10]. Figure 4.5(b)



140 CHAPTER 4. OPTICAL RECEIVERS

Table 4.1 Characteristics of common p-i-n photodiodes

Parameter Symbol Unit Si Ge InGaAs

Wavelength A pm 0.4-1.

1

0.8-1.

8

1.0-1.

7

Responsivity R A/W 0.4-0.

6

0.5-0.7 0.6-0.

9

Quantum efficiency V % 75-90 50-55 60-70

Dark current h nA 1-10 50-500 1-20

Rise time Tr ns 0.5-1 0. 1-0.5 0.02-0.5

Bandwidth A/ GHz 0.3-0.6 0.5-3 1-10

Bias voltage vb V 50-100 6-10 5-6

shows such an InGaAs p-i-n photodiode. Since the bandgap of InP is 1.35 eV, InP

is transparent for light whose wavelength exceeds 0.92 pm. By contrast, the bandgap

of lattice-matched Ini_*GaxAs material with x = 0.47 is about 0.75 eV (see Section

3.1.4), a value that corresponds to a cutoff wavelength of 1.65 pm. The middle In-

GaAs layer thus absorbs strongly in the wavelength region 1.3-1.6 pm. The diffusive

component of the detector current is eliminated completely in such a heterostructure

photodiode simply because photons are absorbed only inside the depletion region. The

front facet is often coated using suitable dielectric layers to minimize reflections. The

quantum efficiency 7] can be made almost 100% by using an InGaAs layer 4-5 jUm

thick. InGaAs photodiodes are quite useful for lightwave systems and are often used

in practice. Table 4. 1 lists the operating characteristics of three common p-i-n photo-

diodes.

Considerable effort was directed during the 1990s toward developing high-speed

p-i-n photodiodes capable of operating at bit rates exceeding 10 Gb/s [10]—[20]. Band-

widths of up to 70 GHz were realized as early as 1986 by using a thin absorption layer

(< 1 pm) and by reducing the parasitic capacitance Cp with a small size, but only at

the expense of a lower quantum efficiency and responsivity [10]. By 1995, p-i-n pho-

todiodes exhibited a bandwidth of 1 10 GHz for devices designed to reduce Trc to near

1 ps [15].

Several techniques have been developed to improve the efficiency of high-speed

photodiodes. In one approach, a Fabry-Perot (FP) cavity is formed around the p-i-n

structure to enhance the quantum efficiency [1 1]—[14], resulting in a laserlike structure.

As discussed in Section 3.3.2, a FP cavity has a set of longitudinal modes at which the

internal optical field is resonantly enhanced through constructive interference. As a re-

sult, when the incident wavelength is close to a longitudinal mode, such a photodiode

exhibits high sensitivity. The wavelength selectivity can even be used to advantage in

wavelength-division multiplexing (WDM) applications. A nearly 100% quantum effi-

ciency was realized in a photodiode in which one mirror of the FP cavity was formed by

using the Bragg reflectivity of a stack of AlGaAs/AlAs layers [12]. This approach was

extended to InGaAs photodiodes by inserting a 90-nm-thick InGaAs absorbing layer

into a microcavity composed of a GaAs/AlAs Bragg mirror and a dielectric mirror. The

device exhibited 94% quantum efficiency at the cavity resonance with a bandwidth of

14 nm [13]. By using an air-bridged metal waveguide together with an undercut mesa
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Figure 4.6: (a) Schematic cross section of a mushroom-mesa waveguide photodiode and (b) its

measured frequency response. (After Ref. [17]; ©1994 IEEE; reprinted with permission.)

structure, a bandwidth of 120 GHz has been realized [14]. The use of such a structure

within a FP cavity should provide a p-i-n photodiode with a high bandwidth and high

efficiency.

Another approach to realize efficient high-speed photodiodes makes use of an opti-

cal waveguide into which the optical signal is edge coupled [ 16]—[20]. Such a structure

resembles an unpumped semiconductor laser except that various epitaxial layers are

optimized differently. In contrast with a semiconductor laser, the waveguide can be

made wide to support multiple transverse modes in order to improve the coupling ef-

ficiency [16]. Since absorption takes place along the length of the optical waveguide

(~ 10 pm), the quantum efficiency can be nearly 100% even for an ultrathin absorption

layer. The bandwidth of such waveguide photodiodes is limited by Trc in Eq. (4.1.9),

which can be decreased by controlling the waveguide cross-section-area. Indeed, a

50-GHz bandwidth was realized in 1992 for a waveguide photodiode [16].

The bandwidth of waveguide photodiodes can be increased to 110 GHz by adopting

a mushroom-mesa waveguide structure [17]. Such a device is shown schematically in

Fig. 4.6. In this structure, the width of the i-type absorbing layer was reduced to 1 .5 pm
while the p- and n-type cladding layers were made 6 pm wide. In this way, both the

parasitic capacitance and the internal series resistance were minimized, reducing Trc

to about 1 ps. The frequency response of such a device at the 1.55-jum wavelength

is also shown in Fig. 4.6. It was measured by using a spectrum analyzer (circles) as

well as taking the Fourier transform of the short-pulse response (solid curve). Clearly,

waveguide p-i-n photodiodes can provide both a high responsivity and a large band-

width. Waveguide photodiodes have been used for 40-Gb/s optical receivers [19] and

have the potential for operating at bit rates as high as 100 Gb/s [20].

The performance of waveguide photodiodes can be improved further by adopting

an electrode structure designed to support traveling electrical waves with matching

impedance to avoid reflections. Such photodiodes are called traveling-wave photode-

tectors. In a GaAs-based implementation of this idea, a bandwidth of 172 GHz with

45% quantum efficiency was realized in a traveling-wave photodetector designed with

a 1-jUm-wide waveguide [21]. By 2000, such an InP/InGaAs photodetector exhibited a

bandwidth of 310 GHz in the 1.55-pm spectral region [22].
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Electric field (10 5 V/cm)

Figure 4.7: Impact-ionization coefficients of several semiconductors as a function of the elec-

tric field for electrons (solid line) and holes (dashed line). (After Ref. [24]; ©1977 Elsevier;

reprinted with permission.)

4.2.3 Avalanche Photodiodes

All detectors require a certain minimum current to operate reliably. The current re-

quirement translates into a minimum power requirement through Pjn = Ip/R. Detectors

with a large responsivity R are preferred since they require less optical power. The re-

sponsivity of p-i-n photodiodes is limited by Eq. (4.1.3) and takes its maximum value

R = q/hv for r/ = 1 . Avalanche photodiode (APDs) can have much larger values of P,

as they are designed to provide an internal current gain in a way similar to photomulti-

plier tubes. They are used when the amount of optical power that can be spared for the

receiver is limited.

The physical phenomenon behind the internal current gain is known as the impact

ionization [23]. Under certain conditions, an accelerating electron can acquire suffi-

cient energy to generate a new electron-hole pair. In the band picture (see Fig. 3.2) the

energetic electron gives a part of its kinetic energy to another electron in the valence

band that ends up in the conduction band, leaving behind a hole. The net result of

impact ionization is that a single primary electron, generated through absorption of a

photon, creates many secondary electrons and holes, all of which contribute to the pho-

todiode current. Of course, the primary hole can also generate secondary electron-hole

pairs that contribute to the current. The generation rate is governed by two parame-

ters, ae and a/*, the impact-ionization coefficients of electrons and holes, respectively.

Their numerical values depend on the semiconductor material and on the electric field
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Figure 4.8: (a) An APD together with the electric-field distribution inside various layers under

reverse bias; (b) design of a silicon reach-through APD.

that accelerates electrons and holes. Figure 4.7 shows a e and a

h

for several semi-

conductors [24]. Values ~ 1 x 104 cm-1
are obtained for electric fields in the range

2-4x 105 V/cm. Such large fields can be realized by applying a high voltage ( 100 V)

to the APD.

APDs differ in their design from that of p-i-n photodiodes mainly in one respect:

an additional layer is added in which secondary electron-hole pairs are generated

through impact ionization. Figure 4.8(a) shows the APD structure together with the

variation of electric field in various layers. Under reverse bias, a high electric field

exists in the /7-type layer sandwiched between /-type and n + -type layers. This layer

is referred to as the multiplication layer, since secondary electron-hole pairs are gen-

erated here through impact ionization. The /-layer still acts as the depletion region

in which most of the incident photons are absorbed and primary electron-hole pairs

are generated. Electrons generated in the /-region cross the gain region and generate

secondary electron-hole pairs responsible for the current gain.

The current gain for APDs can be calculated by using the two rate equations gov-

erning current flow within the multiplication layer [23]:

die— — C%ele T OtHh-)
dx
d ifi

dx
— CCe^e T

(4.2.3)

(4.2.4)

where ie is the electron current and //* is the hole current. The minus sign in Eq. (4.2.4)

is due to the opposite direction of the hole current. The total current,

/ = ie (x) + //j(x), (4.2.5)
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remains constant at every point inside the multiplication region. If we replace ih in Eq.

(4.2.3) by / — ie , we obtain

die Idx — (ae
- 0Ch)ie

-\- 0^7. (4.2.6)

In general, ae and a

h

are x dependent if the electric field across the gain region is

nonuniform. The analysis is considerably simplified if we assume a uniform electric

field and treat ae and a

h

as constants. We also assume that ae > o^. The avalanche

process is initiated by electrons that enter the gain region of thickness d at x = 0. By
using the condition ih{d) = 0 (only electrons cross the boundary to enter the n-region),

the boundary condition for Eq. (4.2.6) is i e (d) = I. By integrating this equation, the

multiplicationfactor defined as M = ie (d)/ie (0) is given by

M = 1-*a
exp[— (1 -kA)aed\-kA

'
(4.2.7)

where Jca = OCh/oce . The APD gain is quite sensitive to the ratio of the impact-ionization

coefficients. When 0Ch = 0 so that only electrons participate in the avalanche process,

M = exp (oted), and the APD gain increases exponentially with d. On the other hand,

when = ae , so that k\ = 1 in Eq. (4.2.7), M = (1 — aed)~
l

. The APD gain then

becomes infinite for aed = 1, a condition known as the avalanche breakdown. Al-

though higher APD gain can be realized with a smaller gain region when a e and ah are

comparable, the performance is better in practice for APDs in which either a e ah or

ah ae so that the avalanche process is dominated by only one type of charge carrier.

The reason behind this requirement is discussed in Section 4.4, where issues related to

the receiver noise are considered.

Because of the current gain, the responsivity of an APD is enhanced by the multi-

plication factorM and is given by

^apd = MR = M(r\q/hv ), (4.2.8)

where Eq. (4. 1.3) was used. It should be mentioned that the avalanche process in APDs
is intrinsically noisy and results in a gain factor that fluctuates around an average value.

The quantityM in Eq. (4.2.8) refers to the average APD gain. The noise characteristics

of APDs are considered in Section 4.4.

The intrinsic bandwidth of an APD depends on the multiplication factor M. This

is easily understood by noting that the transit time Ttr for an APD is no longer given

by Eq. (4.2.1) but increases considerably simply because generation and collection of

secondary electron-hole pairs take additional time. The APD gain decreases at high

frequencies because of such an increase in the transit time and limits the bandwidth.

The decrease in M(co) can be written as [24]

M(o) = M0 [l + {(OTeMQ )

2]-^2
,

(4.2.9)

where Mo = M(0) is the low-frequency gain and xe is the effective transit time that

depends on the ionization coefficient ratio k\ = ah/ae . For the case ah < ae , Te =
ca^a^tr» where ca is a constant (ca ~ 1). Assuming that trc^ T*?, the APD bandwidth is

given approximately by A/ = {2nxeMo)~
l

. This relation shows the trade-off between
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Table 4.2 Characteristics of common APDs

Parameter Symbol Unit Si Ge InGaAs

Wavelength A /im 0.4-1.

1

0.8-1.

8

1.0-1.

7

Responsivity ^APD A/W 80-130 3-30 5-20

APD gain M — 100-500 50-200 10-40

k-factor kA — 0.02-0.05 0.7-1.0 0.5-0.

7

Dark current Id nA 0.1-1 50-500 1-5

Rise time Tr ns 0.1-2 0.5-0.8 0. 1-0.5

Bandwidth A/ GHz 0.2-1 0.4-0.

7

1-10

Bias voltage vh V 200-250 20-40 20-30

the APD gain Mo and the bandwidth A/ (speed versus sensitivity). It also shows the

advantage of using a semiconductor material for which^ <C 1.

Table 4.2 compares the operating characteristics of Si, Ge, and InGaAs APDs. As

^ < 1 for Si, silicon APDs can be designed to provide high performance and are

useful for lightwave systems operating near 0.8 pm at bit rates ~100 Mb/s. A particu-

larly useful design, shown in Fig. 4.8(b), is known as reach-through APD because the

depletion layer reaches to the contact layer through the absorption and multiplication

regions. It can provide high gain (M ~ 100) with low noise and a relatively large band-

width. For lightwave systems operating in the wavelength range 1.3-1.6 /im, Ge or

InGaAs APDs must be used. The improvement in sensitivity for such APDs is limited

to a factor below 10 because of a relatively low APD gain (M ~ 10) that must be used

to reduce the noise (see Section 4.4.3).

The performance of InGaAs APDs can be improved through suitable design modi-

fications to the basic APD structure shown in Fig. 4.8. The main reason for a relatively

poor performance of InGaAs APDs is related to the comparable numerical values of

the impact-ionization coefficients ae and a

h

(see Fig. 4.7). As a result, the bandwidth

is considerably reduced, and the noise is also relatively high (see Section 4.4). Further-

more, because of a relatively narrow bandgap, InGaAs undergoes tunneling breakdown

at electric fields of about 1 x 10
5 V/cm, a value that is below the threshold for avalanche

multiplication. This problem can be solved in heterostructure APDs by using an InP

layer for the gain region because quite high electric fields (> 5 x 10 5 V/cm) can exist

in InP without tunneling breakdown. Since the absorption region (/-type InGaAs layer)

and the multiplication region (n-type InP layer) are separate in such a device, this struc-

ture is known as SAM, where SAM stands for separate absorption and multiplication

regions. As ah > ae for InP (see Fig. 4.7), the APD is designed such that holes initiate

the avalanche process in an n-type InP layer, and ka is defined as = oie /oCh • Figure

4.9(a) shows a mesa-type SAM APD structure.

One problem with the SAM APD is related to the large bandgap difference be-

tween InP (Eg = 1.35 eV) and InGaAs (Eg = 0.75 eV). Because of a valence-band step

of about 0.4 eV, holes generated in the InGaAs layer are trapped at the heterojunction

interface and are considerably slowed before they reach the multiplication region (InP

layer). Such an APD has an extremely slow response and a relatively small bandwidth.
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Figure 4.9: Design of (a) SAM and (b) SAGM APDs containing separate absorption, multipli-

cation, and grading regions.

The problem can be solved by using another layer between the absorption and mul-

tiplication regions whose bandgap is intermediate to those of InP and InGaAs layers.

The quaternary material InGaAsP, the same material used for semiconductor lasers,

can be tailored to have a bandgap anywhere in the range 0.75-1.35 eV and is ideal for

this purpose. It is even possible to grade the composition of InGaAsP over a region

of 10-100 nm thickness. Such APDs are called SAGM APDs, where SAGM indicates

separate absorption, grading, and multiplication regions [25]. Figure 4.9(b) shows the

design of an InGaAs APD with the SAGM structure. The use of an InGaAsP grading

layer improves the bandwidth considerably. As early as 1987, a SAGM APD exhibited

a gain-bandwidth product MAf = 70 GHz forM > 12 [26]. This value was increased

to 100 GHz in 1991 by using a charge region between the grading and multiplication

regions [27]. In such SAGCM APDs, the InP multiplication layer is undoped, while the

InP charge layer is heavily n-doped. Holes accelerate in the charge layer because of a

strong electric field, but the generation of secondary electron-hole pairs takes place in

the undoped InP layer. SAGCM APDs improved considerably during the 1990s [28]-

[32]. A gain-bandwidth product of 140 GHz was realized in 2000 using a 0. l-/im-thick

multiplication layer that required <20 V across it [32]. Such APDs are quite suitable

for making a compact 10-Gb/s APD receiver.

A different approach to the design of high-performance APDs makes use of a su-

perlattice structure [33]—[38]. The major limitation of InGaAs APDs results from com-

parable values of ae and a/*. A superlattice design offers the possibility of reducing the

ratio Ica = OCh/oce from its standard value of nearly unity. In one scheme, the absorption

and multiplication regions alternate and consist of thin layers (~10 nm) of semicon-

ductor materials with different bandgaps. This approach was first demonstrated for

GaAs/AlGaAs multiquantum-well (MQW) APDs and resulted in a considerable en-

hancement of the impact-ionization coefficient for electrons [33]. Its use is less suc-

cessful for the InGaAs/InP material system. Nonetheless, considerable progress has

been made through the so-called staircase APDs, in which the InGaAsP layer is com-

positionally graded to form a sawtooth kind of structure in the energy-band diagram

that looks like a staircase under reverse bias. Another scheme for making high-speed
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Figure 4.10: (a) Device structure and (b) measured 3-dB bandwidth as a function of M for a

superlattice APD. (After Ref. [38]; ©2000 IEEE; reprinted with permission.)

APDs uses alternate layers of InP and InGaAs for the grading region [33]. However,

the ratio of the widths of the InP to InGaAs layers varies from zero near the absorbing

region to almost infinity near the multiplication region. Since the effective bandgap of

a quantum well depends on the quantum-well width (InGaAs layer thickness), a graded

“pseudo-quaternary” compound is formed as a result of variation in the layer thickness.

The most successful design for InGaAs APDs uses a superlattice structure for the

multiplication region of a SAM APD. A superlattice consists of a periodic struc-

ture such that each period is made using two ultrathin (~10-nm) layers with different

bandgaps. In the case of 1.55-/zm APDs, alternate layers of InAlGaAs and InAIAs

are used, the latter acting as a barrier layer. An InP field-buffer layer often separates

the InGaAs absorption region from the superlattice multiplication region. The thick-

ness of this buffer layer is quite critical for the APD performance. For a 52-nm-thick

field-buffer layer, the gain-bandwidth product was limited to MAf =120 GHz [34] but

increased to 150 GHz when the thickness was reduced to 33.4 nm [37]. These early

devices used a mesa structure. During the late 1990s, a planar structure was developed

for improving the device reliability [38]. Figure 4.10 shows such a device schemati-

cally together with its 3-dB bandwidth measured as a function of the APD gain. The

gain-bandwidth product of 1 10 GHz is large enough for making APDs operating at

10 Gb/s. Indeed, such an APD receiver was used for a 10-Gb/s lightwave system with

excellent performance.

The gain-bandwidth limitation of InGaAs APDs results primarily from using the

InP material system for the generation of secondary electron-hole pairs. A hybrid ap-

proach in which a Si multiplication layer is incorporated next to an InGaAs absorption

layer may be useful provided the heterointerface problems can be overcome. In a 1997

experiment, a gain-bandwidth product of more than 300 GHz was realized by using

such a hybrid approach [39]. The APD exhibited a 3-dB bandwidth of over 9 GHz for

values ofM as high as 35 while maintaining a 60% quantum efficiency.

Most APDs use an absorbing layer thick enough (about 1 gm) that the quantum

efficiency exceeds 50%. The thickness of the absorbing layer affects the transit time

Ttr and the bias voltage V© In fact, both of them can be reduced significantly by using

a thin absorbing layer (~0.1 gm), resulting in improved APDs provided that a high
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quantum efficiency can be maintained. Two approaches have been used to meet these

somewhat conflicting design requirements. In one design, a FP cavity is formed to

enhance the absorption within a thin layer through multiple round trips. An external

quantum efficiency of ~70% and a gain-bandwidth product of 270 GHz were realized

in such a 1.55-pm APD using a 60-nm-thick absorbing layer with a 200-nm-thick

multiplication layer [40]. In another approach, an optical waveguide is used into which

the incident light is edge coupled [41]. Both of these approaches reduce the bias voltage

to near 10 V, maintain high efficiency, and reduce the transit time to ~ 1 ps. Such APDs
are suitable for making 10-Gb/s optical receivers.

4.2.4 MSM Photodetectors

In metal-semiconductor-metal (MSM) photodetectors, a semiconductor absorbing layer

is sandwiched between two metals, forming a Schottky barrier at each metal-semicon-

ductor interface that prevents flow of electrons from the metal to the semiconductor.

Similar to a p-i-n photodiode, electron-hole pairs generated through photoabsorption

flow toward the metal contacts, resulting in a photocurrent that is a measure of the in-

cident optical power, as indicated in Eq. (4.1.1). For practical reasons, the two metal

contacts are made on the same (top) side of the epitaxially grown absorbing layer by

using an interdigited electrode structure with a finger spacing of about l pm [42]. This

scheme results in a planar structure with an inherently low parasitic capacitance that

allows high-speed operation (up to 300 GHz) of MSM photodetectors. If the light is

incident from the electrode side, the responsivity of a MSM photodetector is reduced

because of its blockage by the opaque electrodes. This problem can be solved by back

illumination if the substrate is transparent to the incident light.

GaAs-based MSM photodetectors were developed throughout the 1980s and ex-

hibit excellent operating characteristics [42]. The development of InGaAs-based MSM
photodetectors, suitable for lightwave systems operating in the range 1.3-1.6 jUm,

started in the late 1980s, with most progress made during the 1990s [43]—[52]. The

major problem with InGaAs is its relatively low Schottky-barrier height (about 0.2 eV).

This problem was solved by introducing a thin layer of InP or InAlAs between the In-

GaAs layer and the metal contact. Such a layer, called the barrier-enhancement layer,

improves the performance of InGaAs MSM photodetectors drastically. The use of a

20-nm-thick InAlAs barrier-enhancement layer resulted in 1992 in 1.3-jum MSM pho-

todetectors exhibiting 92% quantum efficiency (through back illumination) with a low

dark current [44]. A packaged device had a bandwidth of 4 GHz despite a large 150

pm diameter. If top illumination is desirable for processing or packaging reasons, the

responsivity can be enhanced by using semitransparent metal contacts. In one experi-

ment, the responsivity at 1.55 pm increased from 0.4 to 0.7 A/W when the thickness of

gold contact was reduced from 100 to 10 nm [45]. In another approach, the structure

is separated from the host substrate and bonded to a silicon substrate with the inter-

digited contact on bottom. Such an “inverted” MSM photodetector then exhibits high

responsivity when illuminated from the top [46].

The temporal response of MSM photodetectors is generally different under back

and top illuminations [47]. In particular, the bandwidth A/ is larger by about a factor

of 2 for top illumination, although the responsivity is reduced because of metal shad-
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owing. The performance of a MSM photodetector can be further improved by using

a graded superlattice structure. Such devices exhibit a low dark-current density, a re-

sponsivity of about 0.6 AAV at 1.3 gm, and a rise time of about 16 ps [50]. In 1998,

a 1.55-jUm MSM photodetector exhibited a bandwidth of 78 GHz [51]. By 2001, the

use of a traveling-wave configuration increased the bandwidth beyond 500 GHz for a

GaAs-based device [52]. The planar structure ofMSM photodetectors is also suitable

for monolithic integration, an issue covered in the next section.

4.3 Receiver Design

The design of an optical receiver depends on the modulation format used by the trans-

mitter. Since most lightwave systems employ the binary intensity modulation, we focus

in this chapter on digital optical receivers. Figure 4.1 1 shows a block diagram of such

a receiver. Its components can be arranged into three groups—the front end, the linear

channel, and the decision circuit.

4.3.1 Front End

The front end of a receiver consists of a photodiode followed by a preamplifier. The

optical signal is coupled onto the photodiode by using a coupling scheme similar to that

used for optical transmitters (see Section 3.4.1); butt coupling is often used in practice.

The photodiode converts the optical bit stream into an electrical time-varying signal.

The role of the preamplifier is to amplify the electrical signal for further processing.

The design of the front end requires a trade-offbetween speed and sensitivity. Since

the input voltage to the preamplifier can be increased by using a large load resistor Rl,

a high-impedance front end is often used [see Fig. 4.12(a)]. Furthermore, as discussed

in Section 4.4, a large Ri reduces the thermal noise and improves the receiver sensi-

tivity. The main drawback of high-impedance front end is its low bandwidth given by

A/ = (2kRlCt)~
1

, where Rs <C Rl is assumed in Eq. (4.2.2) and Cj =Cp + Ca is the

total capacitance, which includes the contributions from the photodiode (C p) and the

transistor used for amplification (Ca). The receiver bandwidth is limited by its slowest
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Figure 4.12: Equivalent circuit for (a) high-impedance and (b) transimpedance front ends in

optical receivers. The photodiode is modeled as a current source in both cases.

component. A high-impedance front end cannot be used if A/ is considerably less than

the bit rate. An equalizer is sometimes used to increase the bandwidth. The equalizer

acts as a filter that attenuates low-frequency components of the signal more than the

high-frequency components, thereby effectively increasing the front-end bandwidth. If

the receiver sensitivity is not of concern, one can simply decrease R i to increase the

bandwidth, resulting in a low-impedance front end.

Transimpedance front ends provide a configuration that has high sensitivity to-

gether with a large bandwidth. Its dynamic range is also improved compared with

high-impedance front ends. As seen in Fig. 4.12(b), the load resistor is connected as

a feedback resistor around an inverting amplifier. Even though Ri is large, the nega-

tive feedback reduces the effective input impedance by a factor of G, where G is the

amplifier gain. The bandwidth is thus enhanced by a factor of G compared with high-

impedance front ends. Transimpedance front ends are often used in optical receivers

because of their improved characteristics. A major design issue is related to the stabil-

ity of the feedback loop. More details can be found in Refs. [5]—[9].

4.3.2 Linear Channel

The linear channel in optical receivers consists of a high-gain amplifier (the main am-

plifier) and a low-pass filter. An equalizer is sometimes included just before the am-

plifier to correct for the limited bandwidth of the front end. The amplifier gain is

controlled automatically to limit the average output voltage to a fixed level irrespective

of the incident average optical power at the receiver. The low-pass filter shapes the

voltage pulse. Its purpose is to reduce the noise without introducing much intersymbol
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interference (ISI). As discussed in Section 4.4, the receiver noise is proportional to the

receiver bandwidth and can be reduced by using a low-pass filter whose bandwidth

A/ is smaller than the bit rate. Since other components of the receiver are designed

to have a bandwidth larger than the filter bandwidth, the receiver bandwidth is deter-

mined by the low-pass filter used in the linear channel. For A/ < B, the electrical pulse

spreads beyond the allocated bit slot. Such a spreading can interfere with the detection

of neighboring bits, a phenomenon referred to as ISI.

It is possible to design a low-pass filter in such a way that ISI is minimized [1].

Since the combination of preamplifier, main amplifier, and the filter acts as a linear

system (hence the name linear channel), the output voltage can be written as

/

oo

zT (t-t')Ip {t')dt', (4.3.1)
-oo

where Ip (t) is the photocurrent generated in response to the incident optical power

{Ip = RPm ). In the frequency domain,

Vout{(0)=ZT {(0)Ip {(0), (4.3.2)

where Zj is the total impedance at the frequency co and a tilde represents the Fourier

transform. Here, Zt{co) is determined by the transfer functions associated with various

receiver components and can be written as [3]

ZT (co) = Gp (cQ)GA (cQ)HF (cQ)/Yin (cQ), (4.3.3)

where Tin (o)) is the input admittance and Gp (co), GA (co), and HF {co) are transfer func-

tions of the preamplifier, the main amplifier, and the filter. It is useful to isolate the

frequency dependence of Voutt^) and Ip (co) through normalized spectral functions

Hout {co) and Hp (co), which are related to the Fourier transform of the output and input

pulse shapes, respectively, and write Eq. (4.3.2) as

tfoutO) =HT {(Q)Hp {(D), (4.3.4)

where Hj{co) is the total transfer function of the linear channel and is related to the total

impedance as Ht(co) = Zj (m)

/

Zj (0) . If the amplifiers have a much larger bandwidth

than the low-pass filter, Hj{co) can be approximated by Hf(co).

The ISI is minimized whenHout {co) corresponds to the transfer function of a raised-

cosine filter and is given by [3]

HoM)
i[l + cos(7r//.B)], f<B ,

6, f>B,
(4.3.5)

where / = co/2n and B is the bit rate. The impulse response, obtained by taking the

Fourier transform ofHout {f), is given by

^OUt(0
sin{2nBt) 1

2kBt l-(2Bt) 2
’ (4.3.6)

The functional form of h ouft) corresponds to the shape of the voltage pulse VOut(0

received by the decision circuit. At the decision instant t — 0, h OXX[{t)
— 1, and the
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Bit slot— >\

Figure 4.13: Ideal and degraded eye patterns for the NRZ format.

signal is maximum. At the same time, hout(t) = 0 for t = m/B, where m is an integer.

Since t = m/B corresponds to the decision instant of the neighboring bits, the voltage

pulse of Eq. (4.3.6) does not interfere with the neighboring bits.

The linear-channel transfer function Hj ((d) that will result in output pulse shapes

of the form (4.3.6) is obtained from Eq. (4.3.4) and is given by

HT(f)=Hoat(f)/Hp (f). (4.3.7)

For an ideal bit stream in the nonreturn-to-zero (NRZ) format (rectangular input pulses

of duration Tb = 1 /B), Hp (f)
= Bsm(nf/B)/nf, and Hj(f) becomes

HT (f) = (nf/2B)cot(nf/2B). (4.3.8)

Equation (4.3.8) determines the frequency response of the linear channel that would

produce output pulse shape given by Eq. (4.3.6) under ideal conditions. In practice, the

input pulse shape is far from being rectangular. The output pulse shape also deviates

from Eq. (4.3.6), and some IS I invariably occurs.

4.3.3 Decision Circuit

The data-recovery section of optical receivers consists of a decision circuit and a clock-

recovery circuit. The purpose of the latter is to isolate a spectral component at / =
B from the received signal. This component provides information about the bit slot

(Tb = 1 /B) to the decision circuit and helps to synchronize the decision process. In

the case of RZ (return-to-zero) format, a spectral component at / = B is present in

the received signal; a narrow-bandpass filter such as a surface-acoustic-wave filter can

isolate this component easily. Clock recovery is more difficult in the case of NRZ
format because the signal received lacks a spectral component at f = B. A commonly

used technique generates such a component by squaring and rectifying the spectral

component at / = B/2 that can be obtained by passing the received signal through a

high-pass filter.

The decision circuit compares the output from the linear channel to a threshold

level, at sampling times determined by the clock-recovery circuit, and decides whether

the signal corresponds to bit 1 or bit 0. The best sampling time corresponds to the

situation in which the signal level difference between 1 and 0 bits is maximum. It
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can be determined from the eye diagram formed by superposing 2-3-bit-long electrical

sequences in the bit stream on top of each other. The resulting pattern is called an eye

diagram because of its appearance. Figure 4.13 shows an ideal eye diagram together

with a degraded one in which the noise and the timing jitter lead to a partial closing of

the eye. The best sampling time corresponds to maximum opening of the eye.

Because of noise inherent in any receiver, there is always a finite probability that a

bit would be identified incorrectly by the decision circuit. Digital receivers are designed

to operate in such a way that the error probability is quite small (typically < 10
-9

).

Issues related to receiver noise and decision errors are discussed in Sections 4.4 and

4.5. The eye diagram provides a visual way of monitoring the receiver performance:

Closing of the eye is an indication that the receiver is not performing properly.

4.3.4 Integrated Receivers

All receiver components shown in Fig. 4.11, with the exception of the photodiode,

are standard electrical components and can be easily integrated on the same chip by

using the integrated-circuit (IC) technology developed for microelectronic devices. In-

tegration is particularly necessary for receivers operating at high bit rates. By 1988,

both Si and GaAs IC technologies have been used to make integrated receivers up to a

bandwidth of more than 2 GHz [53]. Since then, the bandwidth has been extended to

10 GHz.

Considerable effort has been directed at developing monolithic optical receivers

that integrate all components, including the photodetector, on the same chip by using

the optoelectronic integrated-circuit (OEIC) technology [54]—[74]. Such a complete

integration is relatively easy for GaAs receivers, and the technology behind GaAs-

based OEICs is quite advanced. The use of MSM photodiodes has proved especially

useful as they are structurally compatible with the well-developedfield-effect-transistor

(FET) technology. This technique was used as early as 1986 to demonstrate a four-

channel OEIC receiver chip [56].

For lightwave systems operating in the wavelength range 1.3- 1.6 pm, InP-based

OEIC receivers are needed. Since the IC technology for GaAs is much more ma-

ture than for InP, a hybrid approach is sometimes used for InGaAs receivers. In this

approach, called flip-chip OEIC technology [57], the electronic components are inte-

grated on a GaAs chip, whereas the photodiode is made on top of an InP chip. The

two chips are then connected by flipping the InP chip on the GaAs chip, as shown in

Fig. 4.14. The advantage of the flip-chip technique is that the photodiode and the elec-

trical components of the receiver can be independently optimized while keeping the

parasitics (e.g., effective input capacitance) to a bare minimum.

The InP-based IC technology has advanced considerably during the 1990s, making

it possible to develop InGaAs OEIC receivers [58]—[74]. Several kinds of transistors

have been used for this purpose. In one approach, a p-i-n photodiode is integrated

with the FETs or high-electron-mobility transistors (HEMTs) side by side on an InP

substrate [59]—[63]. By 1993, HEMT-based receivers were capable of operating at

10 Gb/s with high sensitivity [62]. The bandwidth of such receivers has been increased

to >40 GHz, making it possible to use them at bit rates above 40 Gb/s [63] A waveguide
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Photodiode

Figure 4.14: Flip-chip OEIC technology for integrated receivers. The InGaAs photodiode is

fabricated on an InP substrate and then bonded to the GaAs chip through common electrical

contacts. (After Ref. [57]; ©1988 IEE; reprinted with permission.)

p-i-n photodiode has also been integrated with HEMTs to develop a two-channel OEIC
receiver.

In another approach [64]—[69], the heterojunction-bipolar transistor (HBT) technol-

ogy is used to fabricate the p-i-n photodiode within the HBT structure itself through a

common-collector configuration. Such transistors are often called heterojunction pho-

totransistors. OEIC receivers operating at 5 Gb/s (bandwidth A/ = 3 GHz) were made

by 1993 [64]. By 1995, OEIC receivers making use of the HBT technology exhib-

ited a bandwidth of up to 16 GHz, together with a high gain [66]. Such receivers can

be used at bit rates of more than 20 Gb/s. Indeed, a high-sensitivity OEIC receiver

module was used in 1995 at a bit rate of 20 Gb/s in a 1.55-jUm lightwave system [67].

Even a decision circuit can be integrated within the OEIC receiver by using the HBT
technology [68].

A third approach to InP-based OEIC receivers integrates a MSM or a waveguide

photodetector with an HEMT amplifier [70]—[73]. By 1995, a bandwidth of 15 GHz
was realized for such an OEIC by using modulation-doped FETs [71]. By 2000, such

receivers exhibited bandwidths of more than 45 GHz with the use of waveguide photo-

diodes [73]. Figure 4. 15 shows the frequency response together with the epitaxial-layer

structure of such an OEIC receiver. This receiver had a bandwidth of 46.5 GHz and

exhibited a responsivity of 0.62 A/W in the 1.55-jum wavelength region. It had a clear

eye opening at bit rates of up to 50 Gb/s.

Similar to the case of optical transmitters (Section 3.4), packaging of optical re-

ceivers is also an important issue [75]—[79]. The fiber-detector coupling issue is quite

critical since only a small amount of optical power is typically available at the pho-

todetector. The optical-feedback issue is also important since unintentional reflections

fed back into the transmission fiber can affect system performance and should be mini-

mized. In practice, the fiber tip is cut at an angle to reduce the optical feedback. Several

different techniques have been used to produce packaged optical receivers capable of

operating at bit rates as high as 10 Gb/s. In one approach, an InGaAs APD was bonded

to the Si-based IC by using the flip-chip technique [75]. Efficient fiber-APD coupling

was realized by using a slant-endedfiber and a microlens monolithically fabricated on
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Figure 4.15: (a) Epitaxial-layer structure and (b) frequency response of an OEIC receiver mod-

ule made using a waveguide photodetector (WGPD). (After Ref. [73]; ©2000 IEEE; reprinted

with permission.)

the photodiode. The fiber ferrule was directly laser welded to the package wall with a

double-ring structure for mechanical stability. The resulting receiver module withstood

shock and vibration tests and had a bandwidth of 10 GHz.

Another hybrid approach makes use of a planar-lightwave-circuit platform con-

taining silica waveguides on a silicon substrate. In one experiment, an InP-based OEIC
receiver with two channels was flip-chip bonded to the platform [76]. The resulting

module could detect two 10-Gb/s channels with negligible crosstalk. GaAs ICs have

also been used to fabricate a compact receiver module capable of operating at a bit rate

of 10 Gb/s [77]. By 2000, fully packaged 40-Gb/s receivers were available commer-

cially [79]. For local-loop applications, a low-cost package is needed. Such receivers

operate at lower bit rates but they should be able to perform well over a wide tempera-

ture range extending from —40 to 85 °C.

4.4 Receiver Noise

Optical receivers convert incident optical power Pm into electric current through a pho-

todiode. The relation Ip = RPm in Eq. (4.1.1) assumes that such a conversion is noise

free. However, this is not the case even for a perfect receiver. Two fundamental noise

mechanisms, shot noise and thermal noise [80]-[82], lead to fluctuations in the current

even when the incident optical signal has a constant power. The relation Ip = RPm still

holds if we interpret Ip as the average current. However, electrical noise induced by

current fluctuations affects the receiver performance. The objective of this section is to

review the noise mechanisms and then discuss the signal-to-nose ratio (SNR) in optical

receivers. The p-i-n and APD receivers are considered in separate subsections, as the

SNR is also affected by the avalanche gain mechanism in APDs.
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4.4.1 Noise Mechanisms

The shot noise and thermal noise are the two fundamental noise mechanisms responsi-

ble for current fluctuations in all optical receivers even when the incident optical power

Pin is constant. Of course, additional noise is generated if Pjn is itself fluctuating be-

cause of noise produced by optical amplifiers. This section considers only the noise

generated at the receiver; optical noise is discussed in Section 4.6.2.

Shot Noise

Shot noise is a manifestation of the fact that an electric current consists of a stream

of electrons that are generated at random times. It was first studied by Schottky [83]

in 1918 and has been thoroughly investigated since then [80]—[82]. The photodiode

current generated in response to a constant optical signal can be written as

I(t) = Ip + is (t), (4.4.1)

where Ip = RPm is the average current and is (t) is a current fluctuation related to shot

noise. Mathematically, is (t) is a stationary random process with Poisson statistics (ap-

proximated often by Gaussian statistics). The autocorrelation function of i s (t) is related

to the spectral density Ss (f) by the Wiener-Khinchin theorem [82]

/

oo

Ss(f)exp(2nift)df, (4.4.2)
-oo

where angle brackets denote an ensemble average over fluctuations. The spectral den-

sity of shot noise is constant and is given by Ss (f) = qlp (an example of white noise).

Note that Ss (f) is the two-sided spectral density, as negative frequencies are included

in Eq. (4.4.2). If only positive frequencies are considered by changing the lower limit

of integration to zero, the one-sided spectral density becomes 2ql p .

The noise variance is obtained by setting T = 0 in Eq. (4.4.2), i.e.,

/

oo

Ss(f) df = 2qlp Af. (4.4.3)
-oo

where Af is the effective noise bandwidth of the receiver. The actual value of Af
depends on receiver design. It corresponds to the intrinsic photodetector bandwidth if

fluctuations in the photocurrent are measured. In practice, a decision circuit may use

voltage or some other quantity (e.g., signal integrated over the bit slot). One then has

to consider the transfer functions of other receiver components such as the preamplifier

and the low-pass filter. It is common to consider current fluctuations and include the

total transfer function Hj(f) by modifying Eq. (4.4.3) as

poo

a; = 2ql,
/ |

Ht (f)\
2
df = 2qIpAf, (4.4.4)

Jo

where Af = JJ° \Hj(f)\
2
d

f

and Hj(f) is given by Eq. (4.3.7). Since the dark current

Id also generates shot noise, its contribution is included in Eq. (4.4.4) by replacing Ip

by Ip Eld. The total shot noise is then given by

= 2q(Ip + Id)Af (4.4.5)
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The quantity <7S is the root-mean-square (RMS) value of the noise current induced by

shot noise.

Thermal Noise

At a finite temperature, electrons move randomly in any conductor. Random thermal

motion of electrons in a resistor manifests as a fluctuating current even in the absence

of an applied voltage. The load resistor in the front end of an optical receiver (see Fig.

4.12) adds such fluctuations to the current generated by the photodiode. This additional

noise component is referred to as thermal noise. It is also called Johnson noise [84]

or Nyquist noise [85] after the two scientists who first studied it experimentally and

theoretically. Thermal noise can be included by modifying Eq. (4.4.1) as

I{t) — Ip + is{t) + (4.4.6)

where ir(t) is a current fluctuation induced by thermal noise. Mathematically, ir(t)

is modeled as a stationary Gaussian random process with a spectral density that is

frequency independent up to / ~ 1 THz (nearly white noise) and is given by

ST{f)=2kBT/RL ,
(4.4.7)

where kB is the Boltzmann constant, T is the absolute temperature, and RB is the load

resistor. As mentioned before, Sj(f) is the two-sided spectral density.

The autocorrelation function of ir(f) is given by Eq. (4.4.2) if we replace the sub-

script s by T

.

The noise variance is obtained by setting T = 0 and becomes

/

oo

ST(f)df=(4kBT/RL)Af, (4.4.8)
-oo

where A/ is the effective noise bandwidth. The same bandwidth appears in the case of

both shot and thermal noises. Note that Oj does not depend on the average current Ip ,

whereas oj does.

Equation (4.4.8) includes thermal noise generated in the load resistor. An actual re-

ceiver contains many other electrical components, some of which add additional noise.

For example, noise is invariably added by electrical amplifiers. The amount of noise

added depends on the front-end design (see Fig. 4.12) and the type of amplifiers used.

In particular, the thermal noise is different for field-effect and bipolar transistors. Con-

siderable work has been done to estimate the amplifier noise for different front-end

designs [5]. A simple approach accounts for the amplifier noise by introducing a quan-

tity Fn , referred to as the amplifier noise figure , and modifying Eq. (4.4.8) as

Gf = (4kBT/RL)FnAf. (4.4.9)

Physically, Fn represents the factor by which thermal noise is enhanced by various

resistors used in pre- and main amplifiers.

The total current noise can be obtained by adding the contributions of shot noise and

thermal noise. Since is (t) and ir(t) in Eq. (4.4.6) are independent random processes
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with approximately Gaussian statistics, the total variance of current fluctuations, AI =
I — Ip = is + ij, can be obtained simply by adding individual variances. The result is

a2 = ((AI)
2
)
= a; + of = 2q(Ip + Id)Af+ {4kBT/RL)FnAf

.

(4.4. 10)

Equation (4.4.10) can be used to calculate the SNR of the photocurrent.

4.4.2 p-i-n Receivers

The performance of an optical receiver depends on the SNR. The SNR of a receiver

with a p-i-n photodiode is considered here; APD receivers are discussed in the follow-

ing subsection. The SNR of any electrical signal is defined as

SNR =
average signal power

noise power a2 ’
(4.4.11)

where we used the fact that electrical power varies as the square of the current. By
using Eq. (4.4.10) in Eq. (4.4.11) together with Ip = RPm , the SNR is related to the

incident optical power as

SNR =
2q{RPm + Id)Af+ 4(kBT/RL)FnAf ’

where R = r\q/hv is the responsivity of the p-i-n photodiode.

(4.4.12)

Thermal-Noise Limit

In most cases of practical interest, thermal noise dominates receiver performance (cj

a}). Neglecting the shot-noise term in Eq. (4.4.12), the SNR becomes

SNR =
RlR2

pI
4kBTFnAf

(4.4.13)

Thus, the SNR varies as P2
in the thermal-noise limit. It can also be improved by in-

creasing the load resistance. As discussed in Section 4.3.1, this is the reason why most

receivers use a high-impedance or transimpedance front end. The effect of thermal

noise is often quantified through a quantity called the noise-equivalent power (NEP).

The NEP is defined as the minimum optical power per unit bandwidth required to pro-

duce SNR = 1 and is given by

NEP = Pin ( 4

k

BTFn \
1/2

= hv ( 4

k

BTFn \
1/2

V rlR2
) m \ Rl )

(4.4.14)

Another quantity, called detectivity and defined as (NEP)
-

1

, is also used for this pur-

pose. The advantage of specifying NEP or the detectivity for a p-i-n receiver is that it

can be used to estimate the optical power needed to obtain a specific value of SNR if

the bandwidth A/ is known. Typical values of NEP are in the range 1-10 pW/Hz */2
.
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Shot-Noise Limit

Consider the opposite limit in which the receiver performance is dominated by shot

noise (<7
2 op ). Since a 2

increases linearly with P[n , the shot-noise limit can be

achieved by making the incident power large. The dark current I j can be neglected in

that situation. Equation (4.4.12) then provides the following expression for SNR:

SNR=^- = J^i-.
2qAf 2hvAf

(4.4.15)

The SNR increases linearly with Pjn in the shot-noise limit and depends only on the

quantum efficiency rj , the bandwidth A/, and the photon energy hv. It can be writ-

ten in terms of the number of photons Np contained in the “1” bit. If we use Ep =
Pmf-oohp(t)dt = Pm/B for the pulse energy of a bit of duration 1/P

,
where B is the

bit rate, and note that Ep = Nphv , we can write P{n as P[n = NphvB. By choosing

A/ = B/2 (a typical value for the bandwidth), the SNR is simply given by r\Np . In

the shot-noise limit, a SNR of 20 dB can be realized ifNp « 100. By contrast, several

thousand photons are required to obtain SNR = 20 dB when thermal noise dominates

the receiver. As a reference, for a 1.55-jum receiver operating at 10 Gb/s, Np = 100

when Pin « 130 nW.

4.4.3 APD Receivers

Optical receivers that employ an APD generally provide a higher SNR for the same

incident optical power. The improvement is due to the internal gain that increases the

photocurrent by a multiplication factorM so that

Ip = MRPin =RAPDP^ (4.4.16)

where Papd is the APD responsivity, enhanced by a factor ofM compared with that of

p-i-n photodiodes (Papd — MR). The SNR should improve by a factor ofM 2
if the

receiver noise were unaffected by the internal gain mechanism of APDs. Unfortunately,

this is not the case, and the SNR improvement is considerably reduced.

Shot-Noise Enhancement

Thermal noise remains the same for APD receivers, as it originates in the electrical

components that are not part of the APD. This is not the case for shot noise. The APD
gain results from generation of secondary electron-hole pairs through the process of

impact ionization. Since such pairs are generated at random times, an additional con-

tribution is added to the shot noise associated with the generation of primary electron-

hole pairs. In effect, the multiplication factor itself is a random variable, andM appear-

ing in Eq. (4.4. 16) represents the average APD gain. Total shot noise can be calculated

by using Eqs. (4.2.3) and (4.2.4) and treating i e and //* as random variables [86]. The

result is

a
5

2 = 2qM2FA (
RPm + Id)Af . (4.4.17)

where FA is the excess noisefactor of the APD and is given by [86]

Fa {M) = kAM+ (1 - kA ){
2- 1/M). (4.4.18)
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Figure 4.16: Excess noise factor Fa as a function of the average APD gain M for several values

of the ionization-coefficient ratio Ica-

The dimensionless parameter Jca = oth/ae if < ae but is defined as Ua = Mel 0Ch when

a/j > ae . In other words, Ica is in the range 0 < kA < 1. Figure 4.16 shows the gain

dependence of Fa for several values of In general, Fa increases with M. However,

although Fa is at most 2 for Jca = 0, it keeps on increasing linearly (Fa = M) when

k,A = 1 . The ratio Ica should be as small as possible for achieving the best performance

from an APD [87].

If the avalanche-gain process were noise free (Fa = 1), both Ip and as would in-

crease by the same factor Af, and the SNR would be unaffected as far as the shot-noise

contribution is concerned. In practice, the SNR of APD receivers is worse than that

of p-i-n receivers when shot noise dominates because of the excess noise generated

inside the APD. It is the dominance of thermal noise in practical receivers that makes

APDs attractive. In fact, the SNR of APD receivers can be written as

SNR =
Or + Gj

(MRPm )

2

2qM2FA (RPm + Id)Af+ A{kBT/RL)FnA

f

’

(4.4.19)

where Eqs. (4.4.9), (4.4.16), and (4.4.17) were used. In the thermal-noise limit (o\9 <C

Gt), the SNR becomes

SNR = (
RLR

2
/4kBTFnAf)M

2P
1

2
in (4.4.20)

and is improved, as expected, by a factor ofM 2 compared with that of p-i-n receivers

[see Eq. (4.4.13)]. By contrast, in the shot-noise limit (gs Gt), the SNR is given by

SNR =
RPin n Piin

2qFAAf 2hvFAAf
(4.4.21)
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INCIDENT OPTICAL POWER (dBm)

Figure 4.17: Optimum APD gainMopt as a function of the incident optical power Pin for several

values of k^. Parameter values corresponding to a typical 1.55-jum InGaAs APD receiver were

used.

and is reduced by the excess noise factor Fa compared with that ofp-i-n receivers [see

Eq. (4.4.15)].

Optimum APD Gain

Equation (4.4.19) shows that for a given Pin , the SNR of APD receivers is maximum
for an optimum value Mopt of the APD gain M. It is easy to show that the SNR is

maximum whenMopt satisfies the following cubic polynomial:

opt + (1 ^O-Mopt
4kBTFn

qRL(RPm 'Eld)
(4.4.22)

The optimum valueMopt depends on a large number of the receiver parameters, such as

the dark current, the responsivity R, and the ionization-coefficient ratio k a- However,

it is independent of receiver bandwidth. The most notable feature of Eq. (4.4.22) is

that Mopt decreases with an increase in Rjn . Figure 4.17 shows the variation of Mopt

with for several values of Ica by using typical parameter values = 1 kQ, Fn = 2,

R = 1 AAV, and /^ = 2 nA corresponding to a 1 .55-gm InGaAs receiver. The optimum

APD gain is quite sensitive to the ionization-coefficient ratio Ica • For Ica = 0, Mopt

decreases inversely with Rjn , as can readily be inferred from Eq. (4.4.22) by noting that

the contribution of is negligible in practice. By contrast, Mopt varies as P
in

/

for

Ica = 1, and this form of dependence appears to hold even for ka as small as 0.01 as

long as Mopt > 10. In fact, by neglecting the second term in Eq. (4.4.22), M opt is well
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approximated by

M,opt
4kBTFn n 1/3

L kAqR-L {RP\n + Id) J

(4.4.23)

for Jca in the range 0.01-1. This expression shows the critical role played by the

ionization-coefficient ratio k&- For Si APDs, for which ^ < 1, Mopt can be as large

as 100. By contrast, Mopt is in the neighborhood of 10 for InGaAs receivers, since

k\ ~ 0.7. InGaAs APD receivers are nonetheless useful for optical communication

systems simply because of their higher sensitivity. Receiver sensitivity is an important

issue in the design of lightwave systems and is discussed next.

4.5 Receiver Sensitivity

Among a group of optical receivers, a receiver is said to be more sensitive if it achieves

the same performance with less optical power incident on it. The performance criterion

for digital receivers is governed by the bit-error rate (BER), defined as the probability

of incorrect identification of a bit by the decision circuit of the receiver. Hence, a

BER of 2 x 10 6 corresponds to on average 2 errors per million bits. A commonly

used criterion for digital optical receivers requires the BER to be below 1 x 10
~ 9

. The

receiver sensitivity is then defined as the minimum average received power Prec required
by the receiver to operate at a BER of 10

~ 9
. Since Prec depends on the BER, let us begin

by calculating the BER.

4.5.1 Bit-Error Rate

Figure 4.18(a) shows schematically the fluctuating signal received by the decision cir-

cuit, which samples it at the decision instant to determined through clock recovery.

The sampled value I fluctuates from bit to bit around an average value I\ or 7o, depend-

ing on whether the bit corresponds to 1 or 0 in the bit stream. The decision circuit

compares the sampled value with a threshold value Id and calls it bit 1 if I > Id or bit

0 if I < Id

•

An error occurs if I < Id for bit 1 because of receiver noise. An error also

occurs if I > Id for bit 0. Both sources of errors can be included by defining the error

probability as

BER = p(l)P(0/l) + p(0)P(l/0), (4.5.1)

where p( 1) and p(0) are the probabilities of receiving bits 1 and 0, respectively, P(0/1)

is the probability of deciding 0 when 1 is received, and P(l/0) is the probability of

deciding 1 when 0 is received. Since 1 and 0 bits are equally likely to occur, p( 1)
=

p{0) = 1/2, and the BER becomes

BER= i[P(0/l)+P(l/0)]. (4.5.2)

Figure 4.18(b) shows how P(0/1) and P(l/0) depend on the probability density

function p(I) of the sampled value I. The functional form of p(I) depends on the

statistics of noise sources responsible for current fluctuations. Thermal noise ij in Eq.

(4.4.6) is well described by Gaussian statistics with zero mean and variance Cj. The
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Figure 4.18: (a) Fluctuating signal generated at the receiver, (b) Gaussian probability densities

of 1 and 0 bits. The dashed region shows the probability of incorrect identification.

statistics of shot-noise contribution is in Eq. (4.4.6) is also approximately Gaussian for

p-i-n receivers although that is not the case for APDs [86]—[88]. A common approx-

imation treats is as a Gaussian random variable for both p-i-n and APD receivers but

with different variance of given by Eqs. (4.4.5) and (4.4.17), respectively. Since the

sum of two Gaussian random variables is also a Gaussian random variable, the sam-

pled value I has a Gaussian probability density function with variance a 2 = <7
S

2 + Oj

.

However, both the average and the variance are different for 1 and 0 bits since I p in Eq.

(4.4.6) equals I\ or 7o, depending on the bit received. If <7 \ and (Jq are the correspond-

ing variances, the conditional probabilities are given by

1 C!d
P{0/1)= 7= /

exP
o’ i vzk j —oo

P{ !/0) =—-/== f exp
Oov Zk JId

^)‘" =
5

erfc
(^l)- <45 -3)

^)‘" =
5

erfc
(^r)' <45 -4)

where erfc stands for the complementary error function, defined as [89]

2 ?
erfc(x) = —=

/
exp(—y )

dy.

\JK Jx
(4.5.5)

By substituting Eqs. (4.5.3) and (4.5.4) in Eq. (4.5.2), the BER is given by

BER — - erfc
4

+ erfc (4.5.6)



164 CHAPTER 4. OPTICAL RECEIVERS

Equation (4.5.6) shows that the BER depends on the decision threshold Id- In

practice, Id is optimized to minimize the BER. The minimum occurs when Id is chosen

such that

20
q 2of \°o

)

(4.5.7)

The last term in this equation is negligible in most cases of practical interest, and Id is

approximately obtained from

(Id~ 7o)/cb = (I\ —Id)/<Ji = 2 - (4.5.8)

An explicit expression for Id is

Id
Oq/i + <J\Iq

Oo + <Ti

(4.5.9)

When G\ = Oo, Id — (h + /o)/2, which corresponds to setting the decision threshold

in the middle. This is the situation for most p-i-n receivers whose noise is dominated

by thermal noise (oy <Js) and is independent of the average current. By contrast,

shot noise is larger for bit 1 than for bit 0, since of varies linearly with the average

current. In the case ofAPD receivers, the BER can be minimized by setting the decision

threshold in accordance with Eq. (4.5.9).

The BER with the optimum setting of the decision threshold is obtained by using

Eqs. (4.5.6) and (4.5.8) and depends only on the Q parameter as

1

BER = - erfc
2 l>/2.

Q \ exp(-02
/2)

Qsj2n
(4.5.10)

where the parameter Q is obtained from Eqs. (4.5.8) and (4.5.9) and is given by

Q
h-io
Ol + Oo'

(4.5.11)

The approximate form of BER is obtained by using the asymptotic expansion [89]

of erfc (2/ y/2) and is reasonably accurate for Q > 3. Figure 4.19 shows how the BER
varies with the Q parameter. The BER improves as Q increases and becomes lower than

10
-12

for Q > 7. The receiver sensitivity corresponds to the average optical power for

which 2 ~ 6, since BER « 10~ 9 when Q = 6. The next subsection provides an explicit

expression for the receiver sensitivity.

4.5.2 Minimum Received Power

Equation (4.5.10) can be used to calculate the minimum optical power that a receiver

needs to operate reliably with a BER below a specified value. For this purpose the Q
parameter should be related to the incident optical power. For simplicity, consider the

case in which 0 bits carry no optical power so that Pq = 0, and hence /o = 0. The power

P\ in 1 bits is related to I\ as

I\ = MRP\ = 2MRPrec ,
(4.5.12)
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Q

Figure 4.19: Bit-error rate versus the Q parameter.

where Prec is the average received power defined as Prec = (P\ +Pq)/2. The APD
gain M is included in Eq. (4.5.12) for generality. The case of p-i-n receivers can be

considered by settingM = 1

.

The RMS noise currents G\ and Go include the contributions of both shot noise and

thermal noise and can be written as

Gi = (g^ + Gj)
1 /2 and Go = Gr, (4.5.13)

where G
s

2 and Oj are given by Eqs. (4.4.17) and (4.4.9), respectively. Neglecting the

contribution of dark current, the noise variances become

ff
s

2 = 2qM2FAR(2PKC )Af,

of = {4kBT/RL)FnAf.

By using Eqs. (4.5.1 1)—(4.5. 13), the Q parameter is given by

_ I\ _ 2MRPrec

of + c0 (a} + o%) 1 /2 + gt '

(4.5.14)

(4.5.15)

(4.5.16)

For a specified value of BER, Q is determined from Eq. (4.5.10) and the receiver sensi-

tivity Prec is found from Eq. (4.5.16). A simple analytic expression for Prec is obtained

by solving Eq. (4.5. 16) for a given value of Q and is given by [3]
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Equation (4.5. 17) shows how Prec depends on various receiver parameters and how

it can be optimized. Consider first the case of a p-i-n receiver by setting M = 1. Since

thermal noise Oj generally dominates for such a receiver, Prec is given by the simple

expression

(^rec)pin ~ QOt/R- (4.5.18)

From Eq. (4.5.15), of depends not only on receiver parameters such as Ri and Fn but

also on the bit rate through the receiver bandwidth A/ (typically, A/ = B/2). Thus,

Prec increases as \[B in the thermal-noise limit. As an example, consider a 1.55-jum

p-i-n receiver with R= 1 A/W. If we use oy = 100 nA as a typical value and Q = 6

corresponding to a BER of 10

~

9
, the receiver sensitivity is given by Prec = 0.6 jUW or

-32.2 dBm.

Equation (4.5.17) shows how receiver sensitivity improves with the use of APD
receivers. If thermal noise remains dominant, Prec is reduced by a factor of M, and

the received sensitivity is improved by the same factor. However, shot noise increases

considerably for APD, and Eq. (4.5.17) should be used in the general case in which

shot-noise and thermal-noise contributions are comparable. Similar to the case of SNR
discussed in Section 4.4.3, the receiver sensitivity can be optimized by adjusting the

APD gain M. By using Fa from Eq. (4.4.18) in Eq. (4.5.17), it is easy to verify that Prec
is minimum for an optimum value ofM given by [3]

m-=‘" ,2

G£7 +fe - ,

)

1,2

7^)
1/2

'
<45 - i9)

and the minimum value is given by

(^rec)APD = (2qAf/R)Q
2
(kAMopt + 1 - kA). (4.5.20)

The improvement in receiver sensitivity obtained by the use of an APD can be esti-

mated by comparing Eqs. (4.5. 18) and (4.5.20). It depends on the ionization-coefficient

ratio &4 and is larger for APDs with a smaller value of Ica- For InGaAs APD receivers,

the sensitivity is typically improved by 6-8 dB; such an improvement is sometimes

called the APD advantage. Note that Prec for APD receivers increases linearly with the

bit rate B (A/ ^ B/2), in contrast with its y/B dependence for p-i-n receivers. The

linear dependence of Prec on B is a general feature of shot-noise-limited receivers. For

an ideal receiver for which Gj = 0, the receiver sensitivity is obtained by settingM = 1

in Eq. (4.5.17) and is given by

(^rec) ideal = (qAf/R)Q
2

- (4.5.21)

A comparison of Eqs. (4.5.20) and (4.5.21) shows sensitivity degradation caused by

the excess-noise factor in APD receivers.

Alternative measures of receiver sensitivity are sometimes used. For example, the

BER can be related to the SNR and to the average number of photons Np contained

within the “1” bit. In the thermal-noise limit do ~ G\. By using Iq = 0, Eq. (4.5.11)

provides Q = I\/2g\ . As SNR = /f/of, it is related to Q by the simple relation SNR =
4<2

2
. Since Q — 6 for a BER of 10

-9
, the SNR must be at least 144 or 21.6 dB for

achieving BER < 10
-9

. The required value of SNR changes in the shot-noise limit. In
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the absence of thermal noise, (Jo ~ 0, since shot noise is negligible for the “0” bit if the

dark-current contribution is neglected. Since Q = I\/c\ = (SNR) 1 /2 in the shot-noise

limit, an SNR of 36 or 15.6 dB is enough to obtain BER = 1 x 10
_9

. It was shown in

Section 4.4.2 that SNR « r\Np [see Eq. (4.4.15) and the following discussion] in the

shot-noise limit. By using Q = (
rjNp )

1 ^2 in Eq. (4.5.10), the BER is given by

BER = j
erfc (4.5.22)

For a receiver with 100% quantum efficiency (rj = 1), BER = 1 x 10
~9 whenNp = 36.

In practice, most optical receivers requireNp ~ 1000 to achieve a BER of 10
_9

, as their

performance is severely limited by thermal noise.

4.5.3 Quantum Limit of Photodetection

The BER expression (4.5.22) obtained in the shot-noise limit is not totally accurate,

since its derivation is based on the Gaussian approximation for the receiver noise statis-

tics. For an ideal detector (no thermal noise, no dark current, and 100% quantum ef-

ficiency), (Jo = 0, as shot noise vanishes in the absence of incident power, and thus

the decision threshold can be set quite close to the 0-level signal. Indeed, for such

an ideal receiver, 1 bits can be identified without error as long as even one photon is

detected. An error is made only if a 1 bit fails to produce even a single electron-hole

pair. For such a small number of photons and electrons, shot-noise statistics cannot

be approximated by a Gaussian distribution, and the exact Poisson statistics should be

used. IfNp is the average number of photons in each 1 bit, the probability of generating

m electron-hole pairs is given by the Poisson distribution [90]

Pm = exp{-Np)N
I£/m\. (4.5.23)

The BER can be calculated by using Eqs. (4.5.2) and (4.5.23). The probability

P( 1/0) that a 1 is identified when 0 is received is zero since no electron-hole pair is

generated when Np = 0. The probability P(0/1) is obtained by setting m = 0 in Eq.

(4.5.23), since a 0 is decided in that case even though 1 is received. Since P(0/1) =
exp(—Np ), the BER is given by the simple expression

BER = exp(-Np ) /2. (4.5.24)

For BER < 10
-9

, Np must exceed 20. Since this requirement is a direct result of

quantum fluctuations associated with the incoming light, it is referred to as the quantum

limit. Each 1 bit must contain at least 20 photons to be detected with a BER < 10
~9

.

This requirement can be converted into power by using P\ = NphvB , where B is the bit

rate and hv the photon energy. The receiver sensitivity, defined as Prec = (Pi + Po) /2 =
Pi /2, is given by

Prec = NphvB/2 = NphvB. (4.5.25)

The quantity Np expresses the receiver sensitivity in terms of the average number of

photons/bit and is related to Np as Np = Np/2 when 0 bits carry no energy. Its use



168 CHAPTER 4. OPTICAL RECEIVERS

as a measure of receiver sensitivity is quite common. In the quantum limit Np = 10.

The power can be calculated from Eq. (4.5.25). For example, for a 1.55-jum receiver

(,hv = 0.8 eV), Prec = 13 nW or —48.9 dBm at B = 10 Gb/s. Most receivers operate

away from the quantum limit by 20 dB or more. This is equivalent to saying that Np

typically exceeds 1000 photons in practical receivers.

4.6 Sensitivity Degradation

The sensitivity analysis in Section 4.5 is based on the consideration of receiver noise

only. In particular, the analysis assumes that the optical signal incident on the receiver

consists of an ideal bit stream such that 1 bits consist of an optical pulse of constant

energy while no energy is contained in 0 bits. In practice, the optical signal emitted by

a transmitter deviates from this ideal situation. Moreover, it can be degraded during its

transmission through the fiber link. An example of such degradation is provided by the

noise added at optical amplifiers. The minimum average optical power required by the

receiver increases because of such nonideal conditions. This increase in the average

received power is referred to as the power penalty. In this section we focus on the

sources of power penalties that can lead to sensitivity degradation even without signal

transmission through the fiber. The transmission-related power-penalty mechanisms

are discussed in Chapter 7.

4.6.1 Extinction Ratio

A simple source of a power penalty is related to the energy carried by 0 bits. Some

power is emitted by most transmitters even in the off state. In the case of semiconductor

lasers, the off-state power Pq depends on the bias current It, and the threshold current

7th . If Ib < 7
th, the power emitted during 0 bits is due to spontaneous emission, and

generally Pq<^ P\, where P\ is the on-state power. By contrast, Pq can be a significant

fraction of P\ if the laser is biased close to but above threshold. The extinction ratio is

defined as

rex = Po/Pi- (4.6.1)

The power penalty can be obtained by using Eq. (4.5.11). For a p-i-n receiver

I\ = RP\ and 7q = RPq, where R is the responsivity (the APD gain can be included

by replacing R with MR). By using the definition Prec = (Pi +Po)/2 for the receiver

sensitivity, the parameter Q is given by

/ 1 ~^ex \ 2PPrec

\ 1 + rex J G\ + Oo
(4.6.2)

In general, cii and <7o depend on Prec because of the dependence of the shot-noise

contribution on the received optical signal. However, both ofthem can be approximated

by the thermal noise oy when receiver performance is dominated by thermal noise. By
using <7i

~
<7o
~ oy in Eq. (4.6.2), Prec is given by

/ 1 T rex

\ 1 *"ex

otQ
R

(4.6.3)
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EXTINCTION RATIO

Figure 4.20: Power penalty versus the extinction ratio rex .

This equation shows that Prec increases when rex ^ 0. The power penalty is defined

as the ratio 5ex = Frec (7ex)/Frec(0). It is commonly expressed in decibel (dB) units by

using

Figure 4.20 shows how the power penalty increases with rex . A 1-dB penalty occurs

for rex = 0. 12 and increases to 4.8 dB for rex = 0.5. In practice, for lasers biased below

threshold, rex is typically below 0.05, and the corresponding power penalty (<0.4 dB)

is negligible. Nonetheless, it can become significant if the semiconductor laser is biased

above threshold. An expression for Prec(/ex) can be obtained [3] for APD receivers by

including the APD gain and the shot-noise contribution to <7o and G\ in Eq. (4.6.2). The

optimum APD gain is lower than that in Eq. (4.5.19) when r ex ^ 0. The sensitivity is

also reduced because of the lower optimum gain. Normally, the power penalty for an

APD receiver is larger by about a factor of 2 for the same value of r ex .

4.6.2 Intensity Noise

The noise analysis of Section 4.4 is based on the assumption that the optical power

incident on the receiver does not fluctuate. In practice, light emitted by any transmitter

exhibits power fluctuations. Such fluctuations, called intensity noise, were discussed

in Section 3.3.8 in the context of semiconductor lasers. The optical receiver converts

power fluctuations into current fluctuations which add to those resulting from shot noise

and thermal noise. As a result, the receiver SNR is degraded and is lower than that

given by Eq. (4.4.19). An exact analysis is complicated, as it involves the calculation
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of photocurrent statistics [91]. A simple approach consists of adding a third term to the

current variance given by Eq. (4.4.10), so that

<J
2 = of + of + of, (4.6.5

)

where

aI =R((APil))
1 /2 =RPin rI . (4.6.6)

The parameter 77 , defined as r/ = ((AP^)) 1 /2/Pin , is a measure of the noise level

of the incident optical signal. It is related to the relative intensity noise (RIN) of the

transmitter as
1

rj = — RIN(co)rf<», (4.6.7)
2n .7-00

where RIN(rn) is given by Eq. (3.5.32). As discussed in Section 3.5.4 , 77 is simply the

inverse of the SNR of light emitted by the transmitter. Typically, the transmitter SNR
is better than 20 dB, and 77 < 0.01.

As a result of the dependence of do and cii on the parameter r/, the parameter Q in

Eq. (4.5.1 1) is reduced in the presence of intensity noise, Since Q should be maintained

to the same value to maintain the BER, it is necessary to increase the received power.

This is the origin of the power penalty induced by intensity noise. To simplify the

following analysis, the extinction ratio is assumed to be zero, so that /o = 0 and Go =
Gt- By using I\ = RP\ = 2RPrec and Eq. (4.6.5) for Gi, Q is given by

Q
2RPrec

(of + of + a})
1 !'2 + Or

’
(4.6.8)

where

Os = (4qRPlecAf) !/
2

,
o, = 2r,RPmc ,

(4.6.9)

and Gt is given by Eq. (4.4.9). Equation (4.6.8) is easily solved to obtain the following

expression for the receiver sensitivity:

Tree (T/)

Qot + Q2qAf

R( 1
- rjQ2

)
'

(4.6.10)

The power penalty, defined as the increase in Prec when 77 ^ 0, is given by

Si = 101oglo [Prec (r/)/Prec (0)] = —10 log 10 (l
— rjQ2 ). (4.6.11)

Figure 4.21 shows the power penalty as a function of 77 for maintaining <2 = 6 cor-

responding to a BER of 10
-9

. The penalty is negligible for r/ < 0.01 as 5/ is below

0.02 dB. Since this is the case for most optical transmitters, the effect of transmitter

noise is negligible in practice. The power penalty is almost 2 dB for 77 = 0.1 and

becomes infinite when r/ = Q~ l = 0.167. An infinite power penalty implies that the

receiver cannot operate at the specific BER even if the received optical power is in-

creased indefinitely. In the BER diagram shown in Fig. 4.19, an infinite power penalty

corresponds to a saturation of the BER curve above the 10
~ 9

level, a feature referred to

as the BER floor. In this respect, the effect of intensity noise is qualitatively different
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Figure 4.21: Power penalty versus the intensity noise parameter r/.

than the extinction ratio, for which the power penalty remains finite for all values of r ex

such that rex < 1

.

The preceding analysis assumes that the intensity noise at the receiver is the same

as at the transmitter. This is not typically the case when the optical signal propagates

through a fiber link. The intensity noise added by in-line optical amplifiers often be-

comes a limiting factor for most long-haul lightwave systems (see Chapter 5). When
a multimode semiconductor laser is used, fiber dispersion can lead to degradation of

the receiver sensitivity through the mode-partition noise. Another phenomenon that

can enhance intensity noise is optical feedback from parasitic reflections occurring all

along the fiber link. Such transmission-induced power-penalty mechanisms are con-

sidered in Chapter 7.

4.6.3 Timing Jitter

The calculation of receiver sensitivity in Section 4.5 is based on the assumption that

the signal is sampled at the peak of the voltage pulse. In practice, the decision instant

is determined by the clock-recovery circuit (see Fig. 4.1 1). Because of the noisy nature

of the input to the clock-recovery circuit, the sampling time fluctuates from bit to bit.

Such fluctuations are called timing jitter [92]—[95] . The SNR is degraded because

fluctuations in the sampling time lead to additional fluctuations in the signal. This

can be understood by noting that if the bit is not sampled at the bit center, the sampled

value is reduced by an amount that depends on the timing jitter At. Since At is a random
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variable, the reduction in the sampled value is also random. The SNR is reduced as a

result of such additional fluctuations, and the receiver performance is degraded. The

SNR can be maintained by increasing the received optical power. This increase is the

power penalty induced by timing jitter.

To simplify the following analysis, let us consider a p-i-n receiver dominated by

thermal noise Gj and assume a zero extinction ratio. By using /q = 0 in Eq. (4.5.11),

the parameter Q is given by

Q
h - (Aij)

(Of + Gj) l/2 + GT
''

(4.6.12)

where (Aij) is the average value and a

j

is the RMS value of the current fluctuation Aij

induced by timing jitter At. If h out (t) governs the shape of the current pulse,

Aij — 1\ /zout(O) ^out(A^)], (4.6.13)

where the ideal sampling instant is taken to be t = 0.

Clearly, Oj depends on the shape of the signal pulse at the decision current. A sim-

ple choice [92] corresponds to h out (t) = cos2 (/r7fr/2), where B is the bit rate. Here Eq.

(4.3.6) is used as many optical receivers are designed to provide that pulse shape. Since

At is likely to be much smaller than the bit period Tb = 1/5, it can be approximated as

Aij = (2tt/ 3 - 4)(BAf)
2
/i (4.6.14)

by assuming that BAt <C 1 . This approximation provides a reasonable estimate of the

power penalty as long as the penalty is not too large [92] . This is expected to be the

case in practice. To calculate ay, the probability density function of the timing jitter A^

is assumed to be Gaussian, so that

',(i')=^ exp
(~t§)’

<46i5)

where Xj is the RMS value (standard deviation) of At. The probability density of Aij

can be obtained by using Eqs. (4.6.14) and (4.6.15) and noting that Aij is proportional

to (A^)
2

. The result is

p(Aij) =
^JnbAijlx

exp
Aij_

bh

where

b= (47r
2/3-8)(5T/) 2

.

Equation (4.6.16) is used to calculate (Aij) and Oj = ((AijY

over Aij is easily done to obtain

(4.6.16)

(4.6.17)

. The integration

(Aij) = bl\ /2, Gj = bl\ /y/l. (4.6.18)



4.6. SENSITIVITYDEGRADATION 173

Figure 4.22: Power penalty versus the timing jitter parameter Btj.

By using Eqs. (4.6.12) and (4.6.18) and noting that I
\
— 2RPYQC , where R is the respon-

sivity, the receiver sensitivity is given by

Prec(b) (
otQ \ l-fr/2

v R ) (l-b/2) 2 -b2Q2 /2'
(4.6.19)

The power penalty, defined as the increase in Prec , is given by

= 10 log 10

1 - 6/2

(1 — b/2) 2 — b2Q2
/2

Figure 4.22 shows how the power penalty varies with the parameter BTj, which has

the physical significance of the fraction of the bit period over which the decision time

fluctuates (one standard deviation). The power penalty is negligible for Bt
j < 0.1 but

increases rapidly beyond Btj = 0.1. A 2-dB penalty occurs for Btj = 0.16. Similar

to the case of intensity noise, the jitter-induced penalty becomes infinite beyond Bt
j =

0.2. The exact value ofBtj at which the penalty becomes infinite depends on the model

used to calculate the jitter-induced power penalty. Equation (4.6.20) is obtained by

using a specific pulse shape and a specific jitter distribution. It is also based on the use

of Eqs. (4.5.10) and (4.6.12), which assumes Gaussian statistics for the receiver current.

As evident from Eq. (4.6.16), jitter-induced current fluctuations are not Gaussian in

nature. A more accurate calculation shows that Eq. (4.6.20) underestimates the power

penalty [94]. The qualitative behavior, however, remains the same. In general, the

RMS value of the timing jitter should be below 10% of the bit period for a negligible

power penalty. A similar conclusion holds for APD receivers, for which the penalty is

generally larger [95].
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Figure 4.23: Measured receiver sensitivities versus the bit rate for p-i-n (circles) and APD (tri-

angles) receivers in transmission experiments near 1.3- and 1.55-pm wavelengths. The quantum

limit of receiver sensitivity is also shown for comparison (solid lines).

4.7 Receiver Performance

The receiver performance is characterized by measuring the BER as a function of the

average optical power received. The average optical power corresponding to a BER
of 10

-9
is a measure of receiver sensitivity. Figure 4.23 shows the receiver sensitivity

measured in various transmission experiments [96]-[107] by sending a long sequence

of pseudorandom bits (typical sequence length 2 15 — 1) over a single-mode fiber and

then detecting it by using either a p-i-n or an APD receiver. The experiments were

performed at the 1.3- or 1.55-jUm wavelength, and the bit rate varied from 100 MHz
to 10 GHz. The theoretical quantum limit at these two wavelengths is also shown in

Fig. 4.23 by using Eq. (4.5.25). A direct comparison shows that the measured receiver

sensitivities are worse by 20 dB or more compared with the quantum limit. Most of

the degradation is due to the thermal noise that is unavoidable at room temperature

and generally dominates the shot noise. Some degradation is due to fiber dispersion,

which leads to power penalties; sources of such penalties are discussed in the following

chapter.

The dispersion-induced sensitivity degradation depends on both the bit rate B and

the fiber length L and increases with BL. This is the reason why the sensitivity degra-

dation from the quantum limit is larger (25-30 dB) for systems operating at high bit

rates. The receiver sensitivity at 10 Gb/s is typically worse than —25 dBm [107]. It

can be improved by 5-6 dB by using APD receivers. In terms of the number of pho-

tons/bit, APD receivers require nearly 1000 photons/bit compared with the quantum



4.7. RECEIVER PERFORMANCE 175

-34 -32 -30 -28 -26 -24 -22 -20 -18

RECEIVED POWER (dBm)

Figure 4.24: BER curves measured for three fiber-link lengths in a 1.55-jUm transmission exper-

iment at 10 Gb/s. Inset shows an example of the eye diagram at the receiver. (After Ref. [110];

©2000 IEEE; reprinted with permission.)

limit of 10 photons/bit. The receiver performance is generally better for shorter wave-

lengths in the region near 0.85 gm, where silicon APDs can be used; they perform

satisfactorily with about 400 photons/bit; an experiment in 1976 achieved a sensitivity

of only 187 photons/bit [108]. It is possible to improve the receiver sensitivity by using

coding schemes. A sensitivity of 180 photons/bit was realized in a 1.55-jum system

experiment [109] after 305 km of transmission at 140 Mb/s.

It is possible to isolate the extent of sensitivity degradation occurring as a result

of signal propagation inside the optical fiber. The common procedure is to perform

a separate measurement of the receiver sensitivity by connecting the transmitter and

receiver directly, without the intermediate fiber. Figure 4.24 shows the results of such a

measurement for a 1.55-jum field experiment in which the RZ-format signal consisting

of a pseudorandom bit stream in the form of solitons (sequence length 2 23 — 1) was

propagated over more than 2000 km of fiber [110]. In the absence of fiber (0-km

curve), a BER of 10
-9

is realized for —29.5 dBm of received power. However, the

launched signal is degraded considerably during transmission, resulting in about a 3-

dB penalty for a 2040-km fiber link. The power penalty increases rapidly with further
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propagation. In fact, the increasing curvature of BER curves indicates that the BER of

10
-9

would be unreachable after a distance of 2600 km. This behavior is typical of

most lightwave systems. The eye diagram seen in Fig. 4.24 is qualitatively different

than that appearing in Fig. 4.13. This difference is related to the use of the RZ format.

The performance of an optical receiver in actual lightwave systems may change

with time. Since it is not possible to measure the BER directly for a system in opera-

tion, an alternative is needed to monitor system performance. As discussed in Section

4.3.3, the eye diagram is best suited for this purpose; closing of the eye is a measure

of degradation in receiver performance and is associated with a corresponding increase

in the BER. Figures 4.13 and 4.24 show examples of the eye diagrams for lightwave

systems making use of the NRZ and RZ formats, respectively. The eye is wide open

in the absence of optical fiber but becomes partially closed when the signal is trans-

mitted through a long fiber link. Closing of the eye is due to amplifier noise, fiber

dispersion, and various nonlinear effects, all of which lead to considerable distortion

of optical pulses as they propagate through the fiber. The continuous monitoring of the

eye pattern is common in actual systems as a measure of receiver performance.

The performance of optical receivers operating in the wavelength range 1 .3-1 .6 jum
is severely limited by thermal noise, as seen clearly from the data in Fig. 4.23. The use

of APD receivers improves the situation, but to a limited extent only, because of the

excess noise factor associated with InGaAs APDs. Most receivers operate away from

the quantum limit by 20 dB or more. The effect of thermal noise can be considerably

reduced by using coherent-detection techniques in which the received signal is mixed

coherently with the output of a narrow-linewidth laser. The receiver performance can

also be improved by amplifying the optical signal before it is incident on the photode-

tector. We turn to optical amplifiers in the next chapter.

Problems

4.1 Calculate the responsivity of a p-i-n photodiode at 1.3 and 1.55 pm if the quan-

tum efficiency is 80%. Why is the photodiode more responsive at 1.55 gm?

4.2 Photons at a rate of 10 10
/s are incident on an APD with responsivity of 6 AAV.

Calculate the quantum efficiency and the photocurrent at the operating wave-

length of 1.5 pm for an APD gain of 10.

4.3 Show by solving Eqs. (4.2.3) and (4.2.4) that the multiplication factorM is given

by Eq. (4.2.7) for an APD in which electrons initiate the avalanche process. Treat

ae and as constants.

4.4 Draw a block diagram of a digital optical receiver showing its various compo-

nents. Explain the function of each component. How is the signal used by the

decision circuit related to the incident optical power?

4.5 The raised-cosine pulse shape of Eq. (4.3.6) can be generalized to generate a

family of such pulses by defining

sin(/rBt) cos(nflBt)

nBt 1 — (2/3 Bt)
2 '^OUt(0
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where the parameter /3 varies between 0 and 1. Derive an expression for the

transfer function Houi (f) given by the Fourier transform of h out (t). Plot hout (t)

and Hout (f) for /3 = 0, 0.5, and 1.

4.6 Consider a 0.8-/im receiver with a silicon p-i-n photodiode. Assume 20 MHz
bandwidth, 65% quantum efficiency, 1 nA dark current, 8 pF junction capaci-

tance, and 3 dB amplifier noise figure. The receiver is illuminated with 5 pW
of optical power. Determine the RMS noise currents due to shot noise, thermal

noise, and amplifier noise. Also calculate the SNR.

4.7 The receiver of Problem 4.6 is used in a digital communication system that re-

quires a SNR of at least 20 dB for satisfactory performance. What is the min-

imum received power when the detection is limited by (a) shot noise and (b)

thermal noise? Also calculate the noise-equivalent power in the two cases.

4.8 The excess noise factor of avalanche photodiodes is often approximated by M x

instead of Eq. (4.4. 1 8). Find the range ofM for which Eq. (4.4. 1 8) can be approx-

imated within 10% by F^(M) =Mx by choosing x = 0.3 for Si, 0.7 for InGaAs,

and 1.0 for Ge. Use = 0.02 for Si, 0.35 for InGaAs, and 1.0 for Ge.

4.9 Derive Eq. (4.4.22). Plot Mopt versus k\ by solving the cubic polynomial on a

computer by using Rl — 1 kQ, Fn = 2, R = 1 AAV, P[n = 1 gW, and I(\ = 2 nA.

Compare the results with the approximate analytic solution given by Eq. (4.4.23)

and comment on its validity.

4.10 Derive an expression for the optimum value ofM for which the SNR becomes

maximum by using Fa{M) = Mx
in Eq. (4.4.19).

4.11 Prove that the bit-error rate (BER) given by Eq. (4.5.6) is minimum when the

decision threshold is set close to a value given by Eq. (4.5.9).

4.12 A 1.3-jUm digital receiver is operating at 100 Mb/s and has an effective noise

bandwidth of 60 MHz. The p-i-n photodiode has negligible dark current and

90% quantum efficiency. The load resistance is 100 Q and the amplifier noise

figure is 3 dB. Calculate the receiver sensitivity corresponding to a BER of 10
_9

.

How much does it change if the receiver is designed to operate reliably up to a

BERoflO” 12
?

4.13 Calculate the receiver sensitivity (at a BER of 10
_9

) for the receiver in Problem

4.12 in the shot-noise and thermal-noise limits. How many photons are incident

during bit 1 in the two limits if the optical pulse can be approximated by a square

pulse?

4.14 Derive an expression for the optimum gain M opt of an APD receiver that would

maximize the receiver sensitivity by taking the excess-noise factor as Mx
. Plot

Mopt as a function of x for oy =0.2 mA and A/ = 1 GHz and estimate its value

for InGaAs APDs (see Problem 4.8).

4.15 Derive an expression for the sensitivity of an APD receiver by taking into account

a finite extinction ratio for the general case in which both shot noise and thermal

noise contribute to the receiver sensitivity. You can neglect the dark current.
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4.16 Derive an expression for the intensity-noise-induced power penalty of a p-i-n

receiver by taking into account a finite extinction ratio. Shot-noise and intensity-

noise contributions can both be neglected compared with the thermal noise in the

off state but not in the on state.

4.17 Use the result of Problem 4.16 to plot the power penalty as a function of the

intensity-noise parameter r/ [see Eq. (4.6.6) for its definition] for several values

of the extinction ratio. When does the power penalty become infinite? Explain

the meaning of an infinite power penalty.

4.18 Derive an expression for the timing-jitter-induced power penalty by assuming a

parabolic pulse shape I(t)=Ip{\— B
2
t
2
)
and a Gaussian jitter distribution with a

standard deviation t (RMS value). You can assume that the receiver performance

is dominated by thermal noise. Calculate the tolerable value of Bt that would

keep the power penalty below 1 dB.
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Chapter 5

Lightwave Systems

The preceding three chapters focused on the three main components of a fiber-optic

communication system—optical fibers, optical transmitters, and optical receivers. In

this chapter we consider the issues related to system design and performance when the

three components are put together to form a practical lightwave system. Section 5.1

provides an overview of various system architectures. The design guidelines for fiber-

optic communication systems are discussed in Section 5.2 by considering the effects

of fiber losses and group-velocity dispersion. The power and the rise-time budgets are

also described in this section. Section 5.3 focuses on long-haul systems for which the

nonlinear effects become quite important. This section also covers various terrestrial

and undersea lightwave systems that have been developed since 1977 when the first

field trial was completed in Chicago. Issues related to system performance are treated

in Section 5.4 with emphasis on performance degradation occurring as a result of signal

transmission through the optical fiber. The physical mechanisms that can lead to power

penalty in actual lightwave systems include modal noise, mode-partition noise, source

spectral width, frequency chirp, and reflection feedback; each of them is discussed in

separate subsections. In Section 5.5 we emphasize the importance of computer-aided

design for lightwave systems.

5.1 System Architectures

From an architectural standpoint, fiber-optic communication systems can be classified

into three broad categories—point-to-point links, distribution networks, and local-area

networks [ 1]—[7] . This section focuses on the main characteristics of these three system

architectures.

5.1.1 Point-to-Point Links

Point-to-point links constitute the simplest kind of lightwave systems. Their role is to

transport information, available in the form of a digital bit stream, from one place to

another as accurately as possible. The link length can vary from less than a kilometer

183
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Transmitter Regenerator Regenerator Receiver

(a)

Transmitter Amplifier Amplifier Receiver

(6 )

Figure 5.1: Point-to-point fiber links with periodic loss compensation through (a) regenerators

and (b) optical amplifiers. A regenerator consists of a receiver followed by a transmitter.

(short haul) to thousands of kilometers (long haul), depending on the specific appli-

cation. For example, optical data links are used to connect computers and terminals

within the same building or between two buildings with a relatively short transmission

distance (<10 km). The low loss and the wide bandwidth of optical fibers are not of

primary importance for such data links; fibers are used mainly because of their other

advantages, such as immunity to electromagnetic interference. In contrast, undersea

lightwave systems are used for high-speed transmission across continents with a link

length of several thousands of kilometers. Low losses and a large bandwidth of optical

fibers are important factors in the design of transoceanic systems from the standpoint

of reducing the overall operating cost.

When the link length exceeds a certain value, in the range 20-100 km depending on

the operating wavelength, it becomes necessary to compensate for fiber losses, as the

signal would otherwise become too weak to be detected reliably. Figure 5.1 shows two

schemes used commonly for loss compensation. Until 1990, optoelectronic repeaters,

called regenerators because they regenerate the optical signal, were used exclusively.

As seen in Fig. 5.1(a), a regenerator is nothing but a receiver-transmitter pair that de-

tects the incoming optical signal, recovers the electrical bit stream, and then converts

it back into optical form by modulating an optical source. Fiber losses can also be

compensated by using optical amplifiers, which amplify the optical bit stream directly

without requiring conversion of the signal to the electric domain. The advent of optical

amplifiers around 1990 revolutionized the development of fiber-optic communication

systems [8]— [ 10]. Amplifiers are especially valuable for wavelength-division multi-

plexed (WDM) lightwave systems as they can amplify many channels simultaneously;

Chapter 6 is devoted to them.

Optical amplifiers solve the loss problem but they add noise (see Chapter 6) and

worsen the impact of fiber dispersion and nonlinearity since signal degradation keeps

on accumulating over multiple amplification stages. Indeed, periodically amplified

lightwave systems are often limited by fiber dispersion unless dispersion-compensation

techniques (discussed in Chapter 7) are used. Optoelectronic repeaters do not suf-

fer from this problem as they regenerate the original bit stream and thus effectively

compensate for all sources of signal degradation automatically. An optical regenera-

tor should perform the same three functions—reamplification, reshaping, and retiming
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(the 3Rs)—to replace an optoelectronic repeater. Although considerable research effort

is being directed toward developing such all-optical regenerators [11], most terrestrial

systems use a combination of the two techniques shown in Fig. 5.1 and place an op-

toelectronic regenerator after a certain number of optical amplifiers. Until 2000, the

regenerator spacing was in the range of 600-800 km. Since then, ultralong-haul sys-

tems have been developed that are capable of transmitting optical signals over 3000 km
or more without using a regenerator [12].

The spacing L between regenerators or optical amplifiers (see Fig. 5.1), often called

the repeater spacing , is a major design parameter simply because the system cost re-

duces as L increases. However, as discussed in Section 2.4, the distance L depends on

the bit rate B because of fiber dispersion. The bit rate-distance product, BL , is generally

used as a measure of the system performance for point-to-point links. The BL product

depends on the operating wavelength, since both fiber losses and fiber dispersion are

wavelength dependent. The first three generations of lightwave systems correspond to

three different operating wavelengths near 0.85, 1.3, and 1.55 pm. Whereas the BL
product was ~1 (Gb/s)-km for the first-generation systems operating near 0.85 pm, it

becomes ~1 (Tb/s)-km for the third-generation systems operating near 1.55 pm and

can exceed 100 (Tb/s)-km for the fourth-generation systems.

5.1.2 Distribution Networks

Many applications of optical communication systems require that information is not

only transmitted but is also distributed to a group of subscribers. Examples include

local-loop distribution of telephone services and broadcast of multiple video channels

over cable television (CATV, short for common-antenna television). Considerable ef-

fort is directed toward the integration of audio and video services through a broadband

integrated-services digital network (ISDN). Such a network has the ability to dis-

tribute a wide range of services, including telephone, facsimile, computer data, and

video broadcasts. Transmission distances are relatively short (L < 50 km), but the bit

rate can be as high as 10 Gb/s for a broadband ISDN.

Figure 5.2 shows two topologies for distribution networks. In the case of hub topol-

ogy, channel distribution takes place at central locations (or hubs), where an automated

cross-connect facility switches channels in the electrical domain. Such networks are

called metropolitan-area networks (MANs) as hubs are typically located in major

cities [13]. The role of fiber is similar to the case of point-to-point links. Since the

fiber bandwidth is generally much larger than that required by a single hub office,

several offices can share a single fiber headed for the main hub. Telephone networks

employ hub topology for distribution of audio channels within a city. A concern for the

hub topology is related to its reliability—outage of a single fiber cable can affect the

service to a large portion of the network. Additional point-to-point links can be used to

guard against such a possibility by connecting important hub locations directly.

In the case of bus topology, a single fiber cable carries the multichannel optical

signal throughout the area of service. Distribution is done by using optical taps, which

divert a small fraction of the optical power to each subscriber. A simple CATV applica-

tion of bus topology consists of distributing multiple video channels within a city. The

use of optical fiber permits distribution of a large number of channels (100 or more)
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Figure 5.2: (a) Hub topology and (b) bus topology for distribution networks.

because of its large bandwidth compared with coaxial cables. The advent of high-

definition television (HDTV) also requires lightwave transmission because of a large

bandwidth (about 100 Mb/s) of each video channel unless a compression technique

(such as MPEG-2, or 2nd recommendation of the motion-picture entertainment group)

is used.

A problem with the bus topology is that the signal loss increases exponentially with

the number of taps and limits the number of subscribers served by a single optical bus.

Even when fiber losses are neglected, the power available at the Nth tap is given by [1]

Pn = PtC[{\ — 5)(1 — C)]^
-1

,
(5.1.1)

where Pj is the transmitted power, C is the fraction of power coupled out at each tap,

and <5 accounts for insertion losses, assumed to be the same at each tap. The derivation

of Eq. (5.1.1) is left as an exercise for the reader. If we use 8 = 0.05, C = 0.05,

Pt — 1 mW, and Pn = 0.1 gW as illustrative values,N should not exceed 60. A solution

to this problem is offered by optical amplifiers which can boost the optical power of the

bus periodically and thus permit distribution to a large number of subscribers as long

as the effects of fiber dispersion remain negligible.

5.1.3 Local-Area Networks

Many applications of fiber-optic communication technology require networks in which

a large number of users within a local area (e.g., a university campus) are intercon-
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Figure 5.3: (a) Ring topology and (b) star topology for local-area networks.

nected in such a way that any user can access the network randomly to transmit data

to any other user [14]—[16]. Such networks are called local-area networks (LANs).

Optical-access networks used in a local subscriber loop also fall in this category [17].

Since the transmission distances are relatively short (<10 km), fiber losses are not of

much concern for LAN applications. The major motivation behind the use of optical

fibers is the large bandwidth offered by fiber-optic communication systems.

The main difference between MANs and LANs is related to the random access of-

fered to multiple users of a LAN. The system architecture plays an important role for

LANs, since the establishment of predefined protocol rules is a necessity in such an

environment. Three commonly used topologies are known as bus, ring, and star con-

figurations. The bus topology is similar to that shown in Fig. 5.2(b). A well-known

example of bus topology is provided by the Ethernet , a network protocol used to con-

nect multiple computers and used by the Internet. The Ethernet operates at speeds up

to 1 Gb/s by using a protocol based on carrier-sense multiple access (CSMA) with

collision detection. Although the Ethernet LAN architecture has proven to be quite

successful when coaxial cables are used for the bus, a number of difficulties arise when

optical fibers are used. A major limitation is related to the losses occurring at each tap,

which limits the number of users [see Eq. (5.1.1)].

Figure 5.3 shows the ring and star topologies for LAN applications. In the ring
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topology [18], consecutive nodes are connected by point-to-point links to form a closed

ring. Each node can transmit and receive the data by using a transmitter-receiver pair,

which also acts as a repeater. A token (a predefined bit sequence) is passed around the

ring. Each node monitors the bit stream to listen for its own address and to receive

the data. It can also transmit by appending the data to an empty token. The use of ring

topology for fiber-optic LANs has been commercialized with the standardized interface

known as the fiber distributed data interface, FDDI for short [18]. The FDDI operates

at 100 Mb/s by using multimode fibers and 1 .3-/1m transmitters based on light-emitting

diodes (LEDs). It is designed to provide backbone services such as the interconnection

of lower-speed LANs or mainframe computers.

In the star topology , all nodes are connected through point-to-point links to a central

node called a hub, or simply a star. Such LANs are further subclassified as active-star

orpassive-star networks, depending on whether the central node is an active or passive

device. In the active-star configuration, all incoming optical signals are converted to

the electrical domain through optical receivers. The electrical signal is then distributed

to drive individual node transmitters. Switching operations can also be performed at

the central node since distribution takes place in the electrical domain. In the passive-

star configuration, distribution takes place in the optical domain through devices such

as directional couplers. Since the input from one node is distributed to many output

nodes, the power transmitted to each node depends on the number of users. Similar

to the case of bus topology, the number of users supported by passive-star LANs is

limited by the distribution losses. For an ideal N x N star coupler, the power reaching

each node is simply Pj/N (if we neglect transmission losses) since the transmitted

power Pj is divided equally amongN users. For a passive star composed of directional

couplers (see Section 8.2.4), the power is further reduced because of insertion losses

and can be written as [1]

Pn = {Pt/N)(\- 8)
1o^n

,
(5.1.2)

where 8 is the insertion loss of each directional coupler. If we use 8 = 0.05, Pj =
1 mW, and Pjy = 0.1 /iW as illustrative values, N can be as large as 500. This value

of N should be compared with N = 60 obtained for the case of bus topology by us-

ing Eq. (5.1.1). A relatively large value of N makes star topology attractive for LAN
applications. The remainder of this chapter focuses on the design and performance of

point-to-point links, which constitute a basic element of all communication systems,

including LANs, MANS, and other distribution networks.

5.2 Design Guidelines

The design of fiber-optic communication systems requires a clear understanding of the

limitations imposed by the loss, dispersion, and nonlinearity of the fiber. Since fiber

properties are wavelength dependent, the choice of operating wavelength is a major

design issue. In this section we discuss how the bit rate and the transmission distance of

a single-channel system are limited by fiber loss and dispersion; Chapter 8 is devoted to

multichannel systems. We also consider the power and rise-time budgets and illustrate

them through specific examples [5]. The power budget is also called the link budget,

and the rise-time budget is sometimes referred to as the bandwidth budget.
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Bit rate (Gb/s)

Figure 5.4: Loss (solid lines) and dispersion (dashed lines) limits on transmission distance L as

a function of bit rate B for the three wavelength windows. The dotted line corresponds to coaxial

cables. Circles denote commercial lightwave systems; triangles show laboratory experiments.

(After Ref. [1]; ©1988 Academic Press; reprinted with permission.)

5.2.1 Loss-Limited Lightwave Systems

Except for some short-haul fiber links, fiber losses play an important role in the system

design. Consider an optical transmitter that is capable of launching an average power

Ptr- If the signal is detected by a receiver that requires a minimum average power Prec
at the bit rate B, the maximum transmission distance is limited by

10 / Ptr \i=
s;

log“W' <5 -21)

where a/ is the net loss (in dB/km) of the fiber cable, including splice and connector

losses. The bit-rate dependence of L arises from the linear dependence of PYCC on the

bit rate B. Noting that Prec = NphvB , where hv is the photon energy and Np is the

average number of photons/bit required by the receiver [see Eq. (4.5.24)], the distance

L decreases logarithmically as B increases at a given operating wavelength.

The solid lines in Fig. 5.4 show the dependence of L on B for three common oper-

ating wavelengths of 0.85, 1.3, and 1.55 gm by using a/ = 2.5, 0.4, and 0.25 dB/km,

respectively. The transmitted power is taken to be Ptr
= 1 mW at the three wavelengths,

whereas Np = 300 at X = 0.85 gm and Np = 500 at 1.3 and 1.55 gun. The smallest

value of L occurs for first-generation systems operating at 0.85 gm because of rela-

tively large fiber losses near that wavelength. The repeater spacing of such systems

is limited to 10-25 km, depending on the bit rate and the exact value of the loss pa-

rameter. In contrast, a repeater spacing of more than 100 km is possible for lightwave

systems operating near 1.55 g/m.

It is interesting to compare the loss limit of 0.85-gun lightwave systems with that

of electrical communication systems based on coaxial cables. The dotted line in Fig.
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5.4 shows the bit-rate dependence of L for coaxial cables by assuming that the loss

increases as V^B. The transmission distance is larger for coaxial cables at small bit

rates (B < 5 Mb/s), but fiber-optic systems take over at bit rates in excess of 5 Mb/s.

Since a longer transmission distance translates into a smaller number of repeaters in

a long-haul point-to-point link, fiber-optic communication systems offer an economic

advantage when the operating bit rate exceeds 10 Mb/s.

The system requirements typically specified in advance are the bit rate B and the

transmission distance L. The performance criterion is specified through the bit-error

rate (BER), a typical requirement being BER < 10
~ 9

. The first decision of the system

designer concerns the choice of the operating wavelength. As a practical matter, the

cost of components is lowest near 0.85 gm and increases as wavelength shifts toward

1.3 and 1.55 gm. Figure 5.4 can be quite helpful in determining the appropriate oper-

ating wavelength. Generally speaking, a fiber-optic link can operate near 0.85 gm if

B < 200 Mb/s and L < 20 km. This is the case for many LAN applications. On the

other hand, the operating wavelength is by necessity in the 1.55-gtm region for long-

haul lightwave systems operating at bit rates in excess of 2 Gb/s. The curves shown in

Fig. 5.4 provide only a guide to the system design. Many other issues need to be ad-

dressed while designing a realistic fiber-optic communication system. Among them are

the choice of the operating wavelength, selection of appropriate transmitters, receivers,

and fibers, compatibility of various components, issue of cost versus performance, and

system reliability and upgradability concerns.

5.2.2 Dispersion-Limited Lightwave Systems

In Section 2.4 we discussed how fiber dispersion limits the bit rate-distance product

BL because of pulse broadening. When the dispersion-limited transmission distance is

shorter than the loss-limited distance of Eq. (5.2.1), the system is said to be dispersion-

limited. The dashed lines in Fig. 5.4 show the dispersion-limited transmission distance

as a function of the bit rate. Since the physical mechanisms leading to dispersion

limitation can be different for different operating wavelengths, let us examine each

case separately.

Consider first the case of 0.85-/im lightwave systems, which often use multimode

fibers to minimize the system cost. As discussed in Section 2.1, the most limiting factor

for multimode fibers is intermodal dispersion. In the case of step-index multimode

fibers, Eq. (2.1.6) provides an approximate upper bound on the BL product. A slightly

more restrictive condition BL = c/ (2n\A) is plotted in Fig. 5.4 by using typical values

n\ = 1.46 and A = 0.01. Even at a low bit rate of 1 Mb/s, such multimode systems

are dispersion-limited, and their transmission distance is limited to below 10 km. For

this reason, multimode step-index fibers are rarely used in the design of fiber-optic

communication systems. Considerable improvement can be realized by using graded-

index fibers for which intermodal dispersion limits the BL product to values given

by Eq. (2.1.11). The condition BL = 2c/ (n iA
2
)

is plotted in Fig. 5.4 and shows that

0.85-jUm lightwave systems are loss-limited, rather than dispersion-limited, for bit rates

up to 100 Mb/s when graded-index fibers are used. The first generation of terrestrial

telecommunication systems took advantage of such an improvement and used graded-
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index fibers. The first commercial system became available in 1980 and operated at a

bit rate of 45 Mb/s with a repeater spacing of less than 10 km.

The second generation of lightwave systems used primarily single-mode fibers near

the minimum-dispersion wavelength occurring at about 1.31 gm. The most limiting

factor for such systems is dispersion-induced pulse broadening dominated by a rela-

tively large source spectral width. As discussed in Section 2.4.3, the BL product is then

limited by [see Eq. (2.4.26)]

BL < {A\D\ax )~\ (5.2.2)

where Ox is the root-mean-square (RMS) width of the source spectrum. The actual

value of |D| depends on how close the operating wavelength is to the zero-dispersion

wavelength of the fiber and is typically ~1 ps/(km-nm). Figure 5.4 shows the dis-

persion limit for 1.3-jum lightwave systems by choosing |D|a^ = 2 ps/km so that

BL < 125 (Gb/s)-km. As seen there, such systems are generally loss-limited for bit

rates up to 1 Gb/s but become dispersion-limited at higher bit rates.

Third- and fourth-generation lightwave systems operate near 1.55 gm to take ad-

vantage of the smallest fiber losses occurring in this wavelength region. However, fiber

dispersion becomes a major problem for such systems since D « 16 ps/(km-nm) near

1.55 gm for standard silica fibers. Semiconductor lasers operating in a single longitu-

dinal mode provide a solution to this problem. The ultimate limit is then given by [see

Eq. (2.4.30)]

B2L < (16|J32 |)

-1
,,

(5.2.3)

where p2 is related to D as in Eq. (2.3.5). Figure 5.4 shows this limit by choosing

B2L = 4000 (Gb/s)
2-km. As seen there, such 1.55-jum systems become dispersion-

limited only for B > 5 Gb/s. In practice, the frequency chirp imposed on the optical

pulse during direct modulation provides a much more severe limitation. The effect of

frequency chirp on system performance is discussed in Section 5.4.4. Qualitatively

speaking, the frequency chirp manifests through a broadening of the pulse spectrum.

If we use Eq. (5.2.2) with D = 16 ps/(km-nm) and Ox = 0.1 nm, the BL product is

limited to 150 (Gb/s)-km. As a result, the frequency chirp limits the transmission dis-

tance to 75 km at B = 2 Gb/s, even though loss-limited distance exceeds 150 km. The

frequency-chirp problem is often solved by using an external modulator for systems

operating at bit rates >5 Gb/s.

A solution to the dispersion problem is offered by dispersion-shifted fibers for

which dispersion and loss both are minimum near 1.55 gm. Figure 5.4 shows the

improvement by using Eq. (5.2.3) with |/32
1

= 2 ps
2/km. Such systems can be operated

at 20 Gb/s with a repeater spacing of about 80 km. Further improvement is possible

by operating the lightwave system very close to the zero-dispersion wavelength, a task

that requires careful matching of the laser wavelength to the zero-dispersion wave-

length and is not always feasible because of variations in the dispersive properties of

the fiber along the transmission link. In practice, the frequency chirp makes it difficult

to achieve even the limit indicated in Fig. 5.4. By 1989, two laboratory experiments had

demonstrated transmission over 81 km at 1 1 Gb/s [19] and over 100 km at 10 Gb/s [20]

by using low-chirp semiconductor lasers together with dispersion-shifted fibers. The

triangles in Fig. 5.4 show that such systems operate quite close to the fundamental
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limits set by fiber dispersion. Transmission over longer distances requires the use of

dispersion-management techniques discussed in Chapter 7.

5.2.3 Power Budget

The purpose of the power budget is to ensure that enough power will reach the receiver

to maintain reliable performance during the entire system lifetime. The minimum aver-

age power required by the receiver is the receiver sensitivity Prec (see Section 4.4). The

average launch power Ptr is generally known for any transmitter. The power budget

takes an especially simple form in decibel units with optical powers expressed in dBm
units (see Appendix A). More specifically,

PtT = Tree T- Cl+Ms ,
(5.2.4)

where Cl is the total channel loss andMs is the system margin. The purpose of system

margin is to allocate a certain amount of power to additional sources of power penalty

that may develop during system lifetime because of component degradation or other

unforeseen events. A system margin of 4-6 dB is typically allocated during the design

process.

The channel loss Cl should take into account all possible sources of power loss,

including connector and splice losses. If ay is the fiber loss in decibels per kilometer,

Cl can be written as

Cl — (XpE~\~ OtCon H- ^splice •> (5.2.5)

where acon and aspiiCe account for the connector and splice losses throughout the fiber

link. Sometimes splice loss is included within the specified loss of the fiber cable. The

connector loss acon includes connectors at the transmitter and receiver ends but must

include other connectors if used within the fiber link.

Equations (5.2.4) and (5.2.5) can be used to estimate the maximum transmission

distance for a given choice of the components. As an illustration, consider the design

of a fiber link operating at 100 Mb/s and requiring a maximum transmission distance

of 8 km. As seen in Fig. 5.4, such a system can be designed to operate near 0.85 pm
provided that a graded-index multimode fiber is used for the optical cable. The op-

eration near 0.85 pm is desirable from the economic standpoint. Once the operating

wavelength is selected, a decision must be made about the appropriate transmitters and

receivers. The GaAs transmitter can use a semiconductor laser or an LED as an optical

source. Similarly, the receiver can be designed to use either a p-i-n or an avalanche

photodiode. Keeping the low cost in mind, let us choose a p-i-n receiver and assume

that it requires 2500 photons/bit on average to operate reliably with a BER below 10
~ 9

.

Using the relation PVQC = NphvB with Np = 2500 and B = 100 Mb/s, the receiver sensi-

tivity is given by Prec = —42 dBm. The average launch power for LED and laser-based

transmitters is typically 50 pW and 1 mW, respectively.

Table 5.1 shows the power budget for the two transmitters by assuming that the

splice loss is included within the cable loss. The transmission distance L is limited to

6 km in the case of LED-based transmitters. If the system specification is 8 km, a more

expensive laser-based transmitter must be used. The alternative is to use an avalanche

photodiode (APD) receiver. If the receiver sensitivity improves by more than 7 dB
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Table 5.1 Power budget of a 0.85-jiim lightwave system

Quantity Symbol Laser LED
Transmitter power flr 0 dBm -13 dBm
Receiver sensitivity free -42 dBm -42 dBm
System margin Ms 6dB 6 dB

Available channel loss CL 36 dB 23 dB

Connector loss t^con 2dB 2 dB

Fiber cable loss (If 3.5 dB/km 3.5 dB/km

Maximum fiber length L 9.7 km 6 km

when an APD is used in place of a p-i-n photodiode, the transmission distance can be

increased to 8 km even for an LED-based transmitter. Economic considerations would

then dictate the choice between the laser-based transmitters and APD receivers.

5.2.4 Rise-Time Budget

The purpose of the rise-time budget is to ensure that the system is able to operate prop-

erly at the intended bit rate. Even if the bandwidth of the individual system components

exceeds the bit rate, it is still possible that the total system may not be able to operate at

that bit rate. The concept of rise time is used to allocate the bandwidth among various

components. The rise time Tr of a linear system is defined as the time during which the

response increases from 10 to 90% of its final output value when the input is changed

abruptly. Figure 5.5 illustrates the concept graphically.

An inverse relationship exists between the bandwidth A/ and the rise time Tr as-

sociated with a linear system. This relationship can be understood by considering a

simple RC circuit as an example of the linear system. When the input voltage across an

RC circuit changes instantaneously from 0 to Vo » the output voltage changes as

Vout(0 = Vo[l - exp(-f/flC)], (5.2.6)

where R is the resistance and C is the capacitance of the RC circuit. The rise time is

found to be given by

Tr = (\n9)RC^2.2RC. (5.2.7)

Figure 5.5: Rise time Tr associated with a bandwidth-limited linear system.
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The transfer function H(f) of the RC circuit is obtained by taking the Fourier transform

of Eq. (5.2.6) and is of the form

H(f) = (l + ftnfRC)-
1

. (5.2.8)

The bandwidth A/ of the RC circuit corresponds to the frequency at which \H(f)
\

2 =
1/2 and is given by the well-known expression A/ = (2nRC)

_1
. By using Eq. (5.2.7),

A/ and Tr are related as

2.2 0.35

2ttA/
“
~Af‘

(5.2.9)

The inverse relationship between the rise time and the bandwidth is expected to

hold for any linear system. However, the product TrAf would generally be different

than 0.35. One can use TrAf = 0.35 in the design of optical communication systems as

a conservative guideline. The relationship between the bandwidth A/ and the bit rate

B depends on the digital format. In the case of return-to-zero (RZ) format (see Section

1.2), A/ = B and BTr = 0.35. By contrast, Af « B/2 for the nonreturn-to-zero (NRZ)

format and BTr = 0.7. In both cases, the specified bit rate imposes an upper limit on the

maximum rise time that can be tolerated. The communication system must be designed

to ensure that Tr is below this maximum value, i.e.,

f 0.35/5 for RZ format,

\ 0.70/5 for NRZ format.

The three components of fiber-optic communication systems have individual rise

times. The total rise time of the whole system is related to the individual component

rise times approximately as [21]

T? = T* + T$be[+TZc ,
(5.2.11)

where Ttr , 7hber> and rrec are the rise times associated with the transmitter, fiber, and

receiver, respectively. The rise times of the transmitter and the receiver are generally

known to the system designer. The transmitter rise time Ttr is determined primarily by

the electronic components of the driving circuit and the electrical parasitics associated

with the optical source. Typically, Ttv is a few nanoseconds for LED-based transmitters

but can be shorter than 0.1 ns for laser-based transmitters. The receiver rise time rrec

is determined primarily by the 3-dB electrical bandwidth of the receiver front end.

Equation (5.2.9) can be used to estimate rrec if the front-end bandwidth is specified.

The fiber rise time 7fiber should in general include the contributions of both the

intermodal dispersion and group-velocity dispersion (GVD) through the relation

^fiber
= ^modal + ^GVD • (5.2.12)

For single-mode fibers, rmodai = 0 and Thber = Tgvd- In principle, one can use the

concept of fiber bandwidth discussed in Section 2.4.4 and relate Tfiber to the 3-dB fiber

bandwidth f^dB through a relation similar to Eq. (5.2.9). In practice it is not easy

to calculate fodB* especially in the case of modal dispersion. The reason is that a fiber

link consists ofmany concatenated fiber sections (typical length 5 km), which may have
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different dispersion characteristics. Furthermore, mode mixing occurring at splices and

connectors tends to average out the propagation delay associated with different modes

of a multimode fiber. A statistical approach is often necessary to estimate the fiber

bandwidth and the corresponding rise time [22]—[25].

In a phenomenological approach, rmodai
can be approximated by the time delay AT

given by Eq. (2.1.5) in the absence of mode mixing, i.e.,

T’modai « OlA/c)L, (5.2.13)

where n\ ^ ri2 was used. For graded-index fibers, Eq. (2.1.10) is used in place of Eq.

(2.1.5), resulting in rmodai ~ (n\A2/8c)L. In both cases, the effect of mode mixing is

included by changing the linear dependence on L by a sublinear dependence L q
, where

q has a value in the range 0.5-1, depending on the extent of mode mixing. A reasonable

estimate based on the experimental data is q = 0.7. The contribution Tgvd can also be

approximated by AT given by Eq. (2.3.4), so that

7gvd~|£>|EAA, (5.2.14)

where AA is the spectral width of the optical source (taken as a full width at half

maximum). The dispersion parameter D may change along the fiber link if different

sections have different dispersion characteristics; an average value should be used in

Eq. (5.2.14) in that case.

As an illustration of the rise-time budget, consider a 1.3-jUm lightwave system de-

signed to operate at 1 Gb/s over a single-mode fiber with a repeater spacing of 50 km.

The rise times for the transmitter and the receiver have been specified as Tir = 0.25 ns

and rrec = 0.35 ns. The source spectral width is specified as AA = 3 nm, whereas the

average value of D is 2 ps/(km-nm) at the operating wavelength. From Eq. (5.2.14),

Tgvd = 0.3 ns for a link length L = 50 km. Modal dispersion does not occur in single-

mode fibers. Hence Tmodai = 0 and T&ber = 0.3 ns. The system rise time is estimated by

using Eq. (5.2.11) and is found to be Tr = 0.524 ns. The use of Eq. (5.2.10) indicates

that such a system cannot be operated at 1 Gb/s when the RZ format is employed for

the optical bit stream. However, it would operate properly if digital format is changed

to the NRZ format. If the use of RZ format is a prerequisite, the designer must choose

different transmitters and receivers to meet the rise-time budget requirement. The NRZ
format is often used as it permits a larger system rise time at the same bit rate.

5.3 Long-Haul Systems

With the advent of optical amplifiers, fiber losses can be compensated by inserting

amplifiers periodically along a long-haul fiber link (see Fig. 5.1). At the same time,

the effects of fiber dispersion (GVD) can be reduced by using dispersion management

(see Chapter 7). Since neither the fiber loss nor the GVD is then a limiting factor, one

may ask how many in-line amplifiers can be cascaded in series, and what limits the

total link length. This topic is covered in Chapter 6 in the context of erbium-doped

fiber amplifiers. Here we focus on the factors that limit the performance of amplified

fiber links and provide a few design guidelines. The section also outlines the progress
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realized in the development of terrestrial and undersea lightwave systems since 1977

when the first field trial was completed.

5.3.1 Performance-Limiting Factors

The most important consideration in designing a periodically amplified fiber link is re-

lated to the nonlinear effects occurring inside all optical fibers [26] (see Section 2.6).

For single-channel lightwave systems, the dominant nonlinear phenomenon that limits

the system performance is self-phase modulation (SPM). When optoelectronic regen-

erators are used, the SPM effects accumulate only over one repeater spacing (typically

<100 km) and are of little concern if the launch power satisfies Eq. (2.6. 15) or the con-

dition P[n <C 22 mW when Na = 1 . In contrast, the SPM effects accumulate over long

lengths (~1000 km) when in-line amplifiers are used periodically for loss compensa-

tion. A rough estimate of the limitation imposed by the SPM is again obtained from

Eq. (2.6.15). This equation predicts that the peak power should be below 2.2 mW for

10 cascaded amplifiers when the nonlinear parameter y= 2W _ 1 /km. The condition on

the average power depends on the modulation format and the shape of optical pulses.

It is nonetheless clear that the average power should be reduced to below 1 mW for

SPM effects to remain negligible for a lightwave system designed to operate over a

distance of more than 1000 km. The limiting value of the average power also depends

on the type of fiber in which light is propagating through the effective core area A eff.

The SPM effects are most dominant inside dispersion-compensating fibers for which

Aeff is typically close to 20 jum2
.

The forgoing discussion of the SPM-induced limitations is too simplistic to be ac-

curate since it completely ignores the role of fiber dispersion. In fact, as the dispersive

and nonlinear effects act on the optical signal simultaneously, their mutual interplay

becomes quite important [26]. The effect of SPM on pulses propagating inside an

optical fiber can be included by using the nonlinear Schrodinger (NLS) equation of

Section 2.6. This equation is of the form [see Eq. (2.6.18)]

dA ip2 d 2A
+

2 dt2
-^A + iy\A\

2
A, (5.3.1)

where fiber losses are included through the a term. This term can also include periodic

amplification of the signal by treating a as a function of z- The NLS equation is used

routinely for designing modern lightwave systems.

Because of the nonlinear nature of Eq. (5.3.1), it should be solved numerically

in general. A numerical approach has indeed been adopted (see Appendix E) since

the early 1990s for quantifying the impact of SPM on the performance of long-haul

lightwave systems [27]—[35]. The use of a large-effective-area fiber (LEAF) helps by

reducing the nonlinear parameter y defined as y= 2nn2/(AAeff). Appropriate chirping

of input pulses can also be beneficial for reducing the SPM effects. This feature has led

to the adoption of a new modulation format known as the chirped RZ or CRZ format.

Numerical simulations show that, in general, the launch power must be optimized to

a value that depends on many design parameters such as the bit rate, total link length,

and amplifier spacing. In one study, the optimum launch power was found to be about

1 mW for a 5-Gb/s signal transmitted over 9000 km with 40-km amplifier spacing [31].
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The combined effects of GVD and SPM also depend on the sign of the dispersion

parameter fo- In the case of anomalous dispersion (P 2 < 0), the nonlinear phenomenon

of modulation instability [26] can affect the system performance drastically [32]. This

problem can be overcome by using a combination of fibers with normal and anomalous

GVD such that the average dispersion over the entire fiber link is “normal.” However, a

new kind of modulation instability, referred to as sideband instability [36], can occur in

both the normal and anomalous GVD regions. It has its origin in the periodic variation

of the signal power along the fiber link when equally spaced optical amplifiers are

used to compensate for fiber losses. Since the quantity y|A|
2

in Eq. (5.3.1) is then a

periodic function of z, the resulting nonlinear-index grating can initiate a four-wave-

mixing process that generates sidebands in the signal spectrum. It can be avoided by

making the amplifier spacing nonuniform.

Another factor that plays a crucial role is the noise added by optical amplifiers.

Similar to the case of electronic amplifiers (see Section 4.4), the noise of optical ampli-

fiers is quantified through an amplifier noise figure Fn (see Chapter 6). The nonlinear

interaction between the amplified spontaneous emission and the signal can lead to a

large spectral broadening through the nonlinear phenomena such as cross-phase modu-

lation and four-wave mixing [37]. Because the noise has a much larger bandwidth than

the signal, its impact can be reduced by using optical filters. Numerical simulations in-

deed show a considerable improvement when optical filters are used after every in-line

amplifier [31].

The polarization effects that are totally negligible in the traditional “nonamplified”

lightwave systems become of concern for long-haul systems with in-line amplifiers.

The polarization-mode dispersion (PMD) issue has been discussed in Section 2.3.5.

In addition to PMD, optical amplifiers can also induce polarization-dependent gain

and loss [30]. Although the PMD effects must be considered during system design,

their impact depends on the design parameters such as the bit rate and the transmission

distance. For bit rates as high as 10-Gb/s, the PMD effects can be reduced to an accept-

able level with a proper design. However, PMD becomes of major concern for 40-Gb/s

systems for which the bit slot is only 25 ps wide. The use of a PMD-compensation

technique appears to be necessary at such high bit rates.

The fourth generation of lightwave systems began in 1995 when lightwave systems

employing amplifiers first became available commercially. Of course, the laboratory

demonstrations began as early as 1989. Many experiments used a recirculating fiber

loop to demonstrate system feasibility as it was not practical to use long lengths of fiber

in a laboratory setting. Already in 1991, an experiment showed the possibility of data

transmission over 21,000 km at 2.5 Gb/s, and over 14,300 km at 5 Gb/s, by using the

recirculating-loop configuration [38]. In a system trial carried out in 1995 by using

actual submarine cables and repeaters [39], a 5.3-Gb/s signal was transmitted over

1 1,300 km with 60 km of amplifier spacing. This system trial led to the deployment of

a commercial transpacific cable (TPC-5) that began operating in 1996.

The bit rate of fourth-generation systems was extended to 10 Gb/s beginning in

1992. As early as 1995, a 10-Gb/s signal was transmitted over 6480 km with 90-km

amplifier spacing [40]. With a further increase in the distance, the SNR decreased

below the value needed to maintain the BER below 10
~9

. One may think that the per-

formance should improve by operating close to the zero-dispersion wavelength of the



198 CHAPTER 5. LIGHTWAVE SYSTEMS

Table 5.2 Terrestrial lightwave systems

System Year A

(Mm)

B
(Mb/s)

L
(km)

Voice

Channels

FT-3 1980 0.85 45 < 10 672

FT-3C 1983 0.85 90 < 15 1,344

FT-3X 1984 1.30 180 < 25 2,688

FT-G 1985 1.30 417 < 40 6,048

FT-G-1.7 1987 1.30 1,668 < 46 24,192

STM-16 1991 1.55 2,488 < 85 32,256

STM-64 1996 1.55 9,953 < 90 129,024

STM-256 2002 1.55 39,813 < 90 516,096

fiber. However, an experiment, performed under such conditions, achieved a distance

of only 6000 km at 10 Gb/s even with 40-km amplifier spacing [41], and the situa-

tion became worse when the RZ modulation format was used. Starting in 1999, the

single-channel bit rate was pushed toward 40 Gb/s in several experiments [42]—[44]

.

The design of 40-Gb/s lightwave systems requires the use of several new ideas in-

cluding the CRZ format, dispersion management with GVD-slope compensation, and

distributed Raman amplification. Even then, the combined effects of the higher-order

dispersion, PMD, and SPM degrade the system performance considerably at a bit rate

of 40 Gb/s.

5.3.2 Terrestrial Lightwave Systems

An important application of fiber-optic communication links is for enhancing the ca-

pacity of telecommunication networks worldwide. Indeed, it is this application that

started the field of optical fiber communications in 1977 and has propelled it since then

by demanding systems with higher and higher capacities. Here we focus on the status

of commercial systems by considering the terrestrial and undersea systems separately.

After a successful Chicago field trial in 1977, terrestrial lightwave systems be-

came available commercially beginning in 1980 [45]-[47]. Table 5.2 lists the operating

characteristics of several terrestrial systems developed since then. The first-generation

systems operated near 0.85 fim and used multimode graded-index fibers as the trans-

mission medium. As seen in Fig. 5.4, the BL product of such systems is limited to

2 (Gb/s)-km. A commercial lightwave system (FT-3C) operating at 90 Mb/s with a re-

peater spacing of about 12 km realized a BL product of nearly 1 (Gb/s)-km; it is shown

by a filled circle in Fig. 5.4. The operating wavelength moved to 1.3 gm in second-

generation lightwave systems to take advantage of low fiber losses and low dispersion

near this wavelength. The BL product of 1.3-jUm lightwave systems is limited to about

100 (Gb/s)-km when a multimode semiconductor laser is used inside the transmitter. In

1987, a commercial 1.3-gm lightwave system provided data transmission at 1.7 Gb/s

with a repeater spacing of about 45 km. A filled circle in Fig. 5.4 shows that this system

operates quite close to the dispersion limit.
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The third generation of lightwave systems became available commercially in 1991.

They operate near 1.55 gm at bit rates in excess of 2 Gb/s, typically at 2.488 Gb/s,

corresponding to the OC-48 level of the synchronized optical network (SONET) [or the

STS-16 level of the synchronous digital hierarchy (SDH)] specifications. The switch

to the 1.55-jum wavelength helps to increase the loss-limited transmission distance to

more than 100 km because of fiber losses of less than 0.25 dB/km in this wavelength

region. However, the repeater spacing was limited to below 100 km because of the

high GVD of standard telecommunication fibers. In fact, the deployment of third-

generation lightwave systems was possible only after the development of distributed

feedback (DFB) semiconductor lasers, which reduce the impact of fiber dispersion by

reducing the source spectral width to below 100 MHz (see Section 2.4).

The fourth generation of lightwave systems appeared around 1996. Such systems

operate in the 1.55-/1m region at a bit rate as high as 40 Gb/s by using dispersion-

shifted fibers in combination with optical amplifiers. However, more than 50 million

kilometers of the standard telecommunication fiber is already installed in the world-

wide telephone network. Economic reasons dictate that the fourth generation of light-

wave systems make use of this existing base. Two approaches are being used to solve

the dispersion problem. First, several dispersion-management schemes (discussed in

Chapter 7) make it possible to extend the bit rate to 10 Gb/s while maintaining an am-

plifier spacing of up to 100 km. Second, several 10-Gb/s signals can be transmitted

simultaneously by using the WDM technique discussed in Chapter 8. Moreover, if

the WDM technique is combined with dispersion management, the total transmission

distance can approach several thousand kilometers provided that fiber losses are com-

pensated periodically by using optical amplifiers. Such WDM lightwave systems were

deployed commercially worldwide beginning in 1996 and allowed a system capacity

of 1.6 Tb/s by 2000 for the 160-channel commercial WDM systems.

The fifth generation of lightwave systems was just beginning to emerge in 2001.

The bit rate of each channel in this generation ofWDM systems is 40 Gb/s (correspond-

ing to the STM-256 or OC-768 level). Several new techniques developed in recent

years make it possible to transmit a 40-Gb/s optical signal over long distances. New
fibers known as reverse-dispersion fibers have been developed with a negative GVD
slope. Their use in combination with tunable dispersion-compensating techniques can

compensate the GVD for all channels simultaneously. The PMD compensators help to

reduce the PMD-induced degradation of the signal. The use of Raman amplification

helps to reduce the noise and improves the signal-to-noise ratio (SNR) at the receiver.

The use of a forward-error-correction technique helps to increase the transmission dis-

tance by reducing the required SNR. The number ofWDM channels can be increased

by using the L and S bands located on the long- and short-wavelength sides of the

conventional C band occupying the 1 530-1570-nm spectral region. In one 3-Tb/s ex-

periment, 77 channels, each operating at 42.7-Gb/s, were transmitted over 1200 km
by using the C and L bands simultaneously [48]. In another experiment, the system

capacity was extended to 10.2 Tb/s by transmitting 256 channels over 100 km at 42.7

Gb/s per channel using only the C and L bands, resulting in a spectral efficiency of

1.28 (b/s)/Hz [49]. The bit rate was 42.7 Gb/s in both of these experiments because

of the overhead associated with the forward-error-correction technique. The highest

capacity achieved in 2001 was 1 1 Tb/s and was realized by transmitting 273 channels
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Table 5.3 Commercial transatlantic lightwave systems

System Year Capacity

(Gb/s)

L
(km)

Comments

TAT-8 1988 0.28 US! 1.3 jUm, multimode lasers

TAT-9 1991 0.56 m 1.55 jUm, DFB lasers

TAT- 10/1

1

1993 0.56 80 1.55 jUm, DFB lasers

TAT- 12/13 1996 5.00 50 1.55 /im, optical amplifiers

AC-1 1998 80.0 50 1.55 gm, WDM with amplifiers

TAT-14 2001 1280 50 1.55 /xm, dense WDM
AC-2 2001 1280 50 1.55 /xm, dense WDM
360Atlantic-

1

2001 1920 50 1.55 /xm, dense WDM
Tycom 2001 2560 50 1.55 gm, dense WDM
FLAG Atlantic-

1

2001 4800 50 1.55 gm, dense WDM

over 1 17 km at 40 Gb/s per channel while using all three bands simultaneously [50].

5.3.3 Undersea Lightwave Systems

Undersea or submarine transmission systems are used for intercontinental communi-

cations and are capable of providing a network spanning the whole earth [5 1]—[53]

.

Figure 1.5 shows several undersea systems deployed worldwide. Reliability is of ma-

jor concern for such systems as repairs are expensive. Generally, undersea systems are

designed for a 25-year service life, with at most three failures during operation. Ta-

ble 5.3 lists the main characteristics of several transatlantic fiber-optic cable systems.

The first undersea fiber-optic cable (TAT-8) was a second-generation system. It was

installed in 1988 in the Atlantic Ocean for operation at a bit rate of 280 Mb/s with a re-

peater spacing of up to 70 km. The system design was on the conservative side, mainly

to ensure reliability. The same technology was used for the first transpacific lightwave

system (TPC-3), which became operational in 1989.

By 1990 the third-generation lightwave systems had been developed. The TAT-

9 submarine system used this technology in 1991; it was designed to operate near

1.55 jUm at a bit rate of 560 Mb/s with a repeater spacing of about 80 km. The increas-

ing traffic across the Atlantic Ocean led to the deployment of the TAT-10 and TAT-1

1

lightwave systems by 1993 with the same technology. The advent of optical amplifiers

prompted their use in the next generation of undersea systems, and the TAT-1 2 sub-

marine fiber-optic cable became operational by 1996. This fourth-generation system

employed optical amplifiers in place of optoelectronic regenerators and operated at a bit

rate of 5.3 Gb/s with an amplifier spacing of about 50 km. The bit rate is slightly larger

than the STM-32-level bit rate of 5 Gb/s because of the overhead associated with the

forward-error-correction technique. As discussed earlier, the design of such lightwave

systems is much more complex than that of previous undersea systems because of the

cumulative effects of fiber dispersion and nonlinearity, which must be controlled over

long distances. The transmitter power and the dispersion profile along the link must be
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optimized to combat such effects. Even then, amplifier spacing is typically limited to

50 km, and the use of an error-correction scheme is essential to ensure a bit-error rate

of < 2 x 1CT 11
.

A second category of undersea lightwave systems requires repeaterless transmis-

sion over several hundred kilometers [52]. Such systems are used for interisland com-

munication or for looping a shoreline such that the signal is regenerated on the shore

periodically after a few hundred kilometers of undersea transmission. The dispersive

and nonlinear effects are of less concern for such systems than for transoceanic light-

wave systems, but fiber losses become a major issue. The reason is easily appreciated

by noting that the cable loss exceeds 100 dB over a distance of 500 km even under the

best operating conditions. In the 1990s several laboratory experiments demonstrated

repeaterless transmission at 2.5 Gb/s over more than 500 km by using two in-line am-

plifiers that were pumped remotely from the transmitter and receiver ends with high-

power pump lasers. Another amplifier at the transmitter boosted the launched power to

close to 100 mW.
Such high input powers exceed the threshold level for stimulated Brillouin scatter-

ing (SBS), a nonlinear phenomenon discussed in Section 2.6. The suppression of SBS
is often realized by modulating the phase of the optical carrier such that the carrier

linewidth is broadened to 200 MHz or more from its initial value of <10 MHz [54].

Directly modulated DFB lasers can also be used for this purpose. In a 1996 experi-

ment. a 2.5-Gb/s signal was transmitted over 465 km by direct modulation of a DFB
laser [55]. Chirping of the modulated signal broadened the spectrum enough that an

external phase modulator was not required provided that the launched power was kept

below 100 mW. The bit rate of repeaterless undersea systems can be increased to

10 Gb/s by employing the same techniques used at 2.5 Gb/s. In a 1996 experiment [56],

the 10-Gb/s signal was transmitted over 442 km by using two remotely pumped in-line

amplifiers. Two external modulators were used, one for SBS suppression and another

for signal generation. In a 1998 experiment, a 40-Gb/s signal was transmitted over

240 km using the RZ format and an alternating polarization format [57]. These results

indicate that undersea lightwave systems looping a shoreline can operate at 10 Gb/s or

more with only shore-based electronics [58].

The use of the WDM technique in combination with optical amplifiers, dispersion

management, and error correction has revolutionized the design of submarine fiber-

optic systems. In 1998, a submarine cable known as Atlantic-Crossing 1 (AC-1) with

a capacity of 80 Gb/s was deployed using the WDM technology. An identically de-

signed system (Pacific-Crossing 1 or PC-1) crossed the Pacific Ocean. The use of

dense WDM, in combination with multiple fiber pairs per cable, resulted in systems

with much larger capacities. By 2001, several systems with a capacity of >1 Tb/s be-

came operational across the Atlantic Ocean (see Table 5.3). These systems employ a

ring configuration and cross the Atlantic Ocean twice to ensure fault tolerance. The

“360Atlantic” submarine system can operate at speeds up to 1.92 Tb/s and spans a

total distance of 11,700 km. Another system, known as FLAG Atlantic- 1, is capable

of carrying traffic at speeds up to 4.8 Tb/s as it employs six fiber pairs. A global net-

work, spanning 250,000 km and capable of operating at 3.2 Tb/s using 80 channels (at

10 Gb/s) over 4 fibers, was under development in 2001 [53]. Such a submarine network

can transmit nearly 40 million voice channels simultaneously, a capacity that should be
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contrasted with the TAT-8 capacity of 8000 channels in 1988, which in turn should be

compared to the 48-channel capacity of TAT-1 in 1959.

5.4 Sources of Power Penalty

The sensitivity of the optical receiver in a realistic lightwave system is affected by

several physical phenomena which, in combination with fiber dispersion, degrade the

SNR at the decision circuit. Among the phenomena that degrade the receiver sensitivity

are modal noise, dispersion broadening and intersymbol interference, mode-partition

noise, frequency chirp, and reflection feedback. In this section we discuss how the

system performance is affected by fiber dispersion by considering the extent of power

penalty resulting from these phenomena.

5.4.1 Modal Noise

Modal noise is associated with multimode fibers and was studied extensively during the

1980s [59]—[72]. Its origin can be understood as follows. Interference among various

propagating modes in a multimode fiber creates a speckle pattern at the photodetector.

The nonuniform intensity distribution associated with the speckle pattern is harmless

in itself, as the receiver performance is governed by the total power integrated over

the detector area. However, if the speckle pattern fluctuates with time, it will lead to

fluctuations in the received power that would degrade the SNR. Such fluctuations are

referred to as modal noise. They invariably occur in multimode fiber links because

of mechanical disturbances such as vibrations and microbends. In addition, splices

and connectors act as spatial filters. Any temporal changes in spatial filtering translate

into speckle fluctuations and enhancement of the modal noise. Modal noise is strongly

affected by the source spectral bandwidth Av since mode interference occurs only if

the coherence time (Tc ~ 1/Av) is longer than the intermodal delay time AT given by

Eq. (2.1.5). For LED-based transmitters Av is large enough (Av ~ 5 THz) that this

condition is not satisfied. Most lightwave systems that use multimode fibers also use

LEDs to avoid the modal-noise problem.

Modal noise becomes a serious problem when semiconductor lasers are used in

combination with multimode fibers. Attempts have been made to estimate the extent

of sensitivity degradation induced by modal noise [6 1 1—[63] by calculating the BER
after adding modal noise to the other sources of receiver noise. Figure 5.6 shows the

power penalty at a BER of 10 calculated for a 1.3-/im lightwave system operating at

140 Mb/s. The graded-index fiber has a 50-/im core diameter and supports 146 modes.

The power penalty depends on the mode-selective coupling loss occurring at splices

and connectors. It also depends on the longitudinal-mode spectrum of the semiconduc-

tor laser. As expected, power penalty decreases as the number of longitudinal modes

increases because of a reduction in the coherence time of the emitted light.

Modal noise can also occur in single-mode systems if short sections of fiber are

installed between two connectors or splices during repair or normal maintenance [63]—

[66]. A higher-order mode can be excited at the fiber discontinuity occurring at the

first splice and then converted back to the fundamental mode at the second connector
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Mode-selective loss (d B)

Figure 5.6: Modal-noise power penalty versus mode-selective loss. The parameterM is defined

as the total number of longitudinal modes whose power exceeds 10% of the peak power. (After

Ref. [61]; ©1986 IEEE; reprinted with permission.)

or splice. Since a higher-order mode cannot propagate far from its excitation point, this

problem can be avoided by ensuring that the spacing between two connectors or splices

exceeds 2 m. Generally speaking, modal noise is not a problem for properly designed

and maintained single-mode fiber-optic communication systems.

With the development of the vertical-cavity surface-emitting laser (VCSEL), the

modal-noise issue has resurfaced in recent years [67]-[71]. The use of such lasers in

short-haul optical data links, making use of multimode fibers (even those made of plas-

tic), is of considerable interest because of the high bandwidth associated with VCSELs.

Indeed, rates of several gigabits per second have been demonstrated in laboratory ex-

periments with plastic-cladded multimode fibers [73]. However, VCSELs have a long

coherence length as they oscillate in a single longitudinal mode. In a 1994 experi-

ment the BER measurements showed an error floor at a level of 10
~ 7 even when the

mode-selective loss was only 1 dB [68]. This problem can be avoided to some extent

by using larger-diameter VCSELs which oscillate in several transverse modes and thus

have a shorter coherence length. Computer models are generally used to estimate the

power penalty for optical data links under realistic operating conditions [70]. Analytic

tools such as the saddle-point method can also provide a reasonable estimate of the

BER [71].
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5.4.2 Dispersive Pulse Broadening

The use of single-mode fibers for lightwave systems nearly avoids the problem of inter-

modal dispersion and the associated modal noise. The group-velocity dispersion still

limits the bit rate-distance product BL by broadening optical pulses beyond their allo-

cated bit slot; Eq. (5.2.2) provides the limiting BL product and shows how it depends on

the source spectral width <7^ . Dispersion-induced pulse broadening can also decrease

the receiver sensitivity. In this subsection we discuss the power penalty associated with

such a decrease in receiver sensitivity.

Dispersion-induced pulse broadening affects the receiver performance in two ways.

First, a part of the pulse energy spreads beyond the allocated bit slot and leads to

intersymbol interference (ISI). In practice, the system is designed to minimize the effect

of ISI (see Section 4.3.2). Second, the pulse energy within the bit slot is reduced when

the optical pulse broadens. Such a decrease in the pulse energy reduces the SNR at

the decision circuit. Since the SNR should remain constant to maintain the system

performance, the receiver requires more average power. This is the origin of dispersion-

induced power penalty 8C{. An exact calculation of Sj is difficult, as it depends on

many details, such as the extent of pulse shaping at the receiver. A rough estimate

is obtained by following the analysis of Section 2.4.2, where broadening of Gaussian

pulses is discussed. Equation (2.4.16) shows that the optical pulse remains Gaussian,

but its peak power is reduced by a pulse-broadening factor given by Eq. (2.4. 17). If we
define the power penalty as the increase (in dB) in the received power that would

compensate the peak-power reduction, <5^ is given by

8d = 10 logio/fc, (5.4.1)

where fo is the pulse broadening factor. When pulse broadening is due mainly to a wide

source spectrum at the transmitter, the broadening factor ft, is given by Eq. (2.4.24),

i.e.,

fb = (7/o-q = [1 + (DLoJcjo)
2

}

1 '2
,

(5.4.2)

where Go is the RMS width of the optical pulse at the fiber input and Ox is the RMS
width of the source spectrum assumed to be Gaussian.

Equations (5.4.1) and (5.4.2) can be used to estimate the dispersion penalty for

lightwave systems that use single-mode fiber together with a multimode laser or an

LED. The ISI is minimized when the bit rate B is such that ABo < 1, as little pulse

energy spreads beyond the bit slot (Tb = 1 /B). By using g = (
AB)~ l

, Eq. (5.4.2) can

be written as

ft = 1 + (4BLDoxfb )

2
. (5.4.3)

By solving this equation for ft, and substituting it in Eq. (5.4.1), the power penalty is

given by

8d = -5 log 10 [l - (ABLDox) 2
}. (5.4.4)

Figure 5.7 shows the power penalty as a function of the dimensionless parameter

combination BLDo Although the power penalty is negligible (Sj = 0.38 dB) for

BLDox =0.1, it increases to 2.2 dB when BLDox = 0.2 and becomes infinite when

BLDox = 0.25. The BL product, shown in Fig. 5.4, is truly limiting, since receiver
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Figure 5.7: Dispersion-induced power penalty for a Gaussian pulse as a function of BLDo\.

Source spectrum is also assumed to be Gaussian with an RMS width <7^

.

sensitivity degrades severely when a system is designed to approach it. Most lightwave

systems are designed such that BLDg

x

< 0.2, so that the dispersion penalty is below

2 dB. It should be stressed that Eq. (5.4.4) provides a rough estimate only as its deriva-

tion is based on several simplifying assumptions, such as a Gaussian pulse shape and

a Gaussian source spectrum. These assumptions are not always satisfied in practice.

Moreover, it is based on the condition 4Bo = 1, so that the pulse remains nearly con-

fined within the bit slot. It is possible to design a system such that the pulse spreads

outside the bit slot but ISI is reduced through pulse shaping at the receiver.

5.4.3 Mode-Partition Noise

As discussed in Section 3.5.4, multimode semiconductor lasers exhibit mode-partition

noise (MPN), a phenomenon occurring because of an anticorrelation among pairs of

longitudinal modes. In particular, various longitudinal modes fluctuate in such a way

that individual modes exhibit large intensity fluctuations even though the total intensity

remains relatively constant. MPN would be harmless in the absence of fiber disper-

sion, as all modes would remain synchronized during transmission and detection. In

practice, different modes become unsynchronized, since they travel at slightly differ-

ent speeds inside the fiber because of group-velocity dispersion. As a result of such

desynchronization, the receiver current exhibits additional fluctuations, and the SNR
at the decision circuit becomes worse than that expected in the absence of MPN. A
power penalty must be paid to improve the SNR to the same value that is necessary to

achieve the required BER (see Section 4.5). The effect ofMPN on system performance

has been studied extensively for both multimode semiconductor lasers [74]—[83] and

nearly single-mode lasers [84]—[98].
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In the case of multimode semiconductor lasers, the power penalty can be calculated

by following an approach similar to that of Section 4.6.2 and is given by [74]

<5mpn = -5 log 10 (l - g
2
r
2
pn ), (5.4.5)

where rmpn is the relative noise level of the received power in the presence of MPN.
A simple model for estimating the parameter rmpn assumes that laser modes fluctuate

in such a way that the total power remains constant under CW operation [75]. It also

assumes that the average mode power is distributed according to a Gaussian distribution

of RMS width a

\

and that the pulse shape at the decision circuit of the receiver is

described by a cosine function [74]. Different laser modes are assumed to have the

same cross-correlation coefficient ycc ,
i.e.,

for all i and j such that i ^ j. The angular brackets denote an average over power

fluctuations associated with mode partitioning. A straightforward calculation shows

that rmpn is given by [78]

rmpn = (VV2){1 -exp[-(^LDaA )

2
]}, (5.4.7)

where the mode-partition coefficient k is related to ycc as k = a/ 1 — ycc . The model

assumes that mode partition can be quantified in terms of a single parameter k with

values in the range 0-1. The numerical value of k is difficult to estimate and is likely

to vary from laser to laser. Experimental measurements suggest that the values of k are

in the range 0.6-0. 8 and vary for different mode pairs [75], [80].

Equations (5.4.5) and (5.4.7) can be used to calculate the MPN-induced power

penalty. Figure 5.8 shows the power penalty at a BER of 10
~ 9

(Q = 6) as a function of

the normalized dispersion parameter BLDo

x

for several values of the mode-partition

coefficient k. For a given value of k, the variation of power penalty is similar to that

shown in Fig. 5.7; <5mpn increases rapidly with an increase in BLDo

x

and becomes

infinite when BLDgx reaches a critical value. For k > 0.5, the MPN-induced power

penalty is larger than the penalty occurring due to dispersion-induced pulse broaden-

ing (see Fig. 5.7). However, it can be reduced to a negligible level (<5mpn < 0.5 dB) by

designing the optical communication system such that BLDo

x

<0.1. As an example,

consider a 1.3-jum lightwave system. If we assume that the operating wavelength is

matched to the zero-dispersion wavelength to within 10 nm, Dm 1 ps/(km-nm). A
typical value of Gx for multimode semiconductor lasers is 2 nm. The MPN-induced

power penalty would be negligible if the BL product were below 50 (Gb/s)-km. At

B = 2 Gb/s the transmission distance is then limited to 25 km. The situation becomes

worse for 1.55-jum lightwave systems for which D « 16 ps/(km-nm) unless dispersion-

shifted fibers are used. In general, the MPN-induced power penalty is quite sensitive

to the spectral bandwidth of the multimode laser and can be reduced by reducing the

bandwidth. In one study [83], a reduction in the carrier lifetime from 340 to 130 ps,

realized by /^-doping of the active layer, reduced the bandwidth of 1.3-jum semicon-

ductor lasers by only 40% (from 5.6 to 3.4 nm), but the power penalty decreased from

an infinite value (BER floor above 10
~9

level) to a mere 0.5 dB.
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Figure 5.8: MPN-induced Power penalty versus BLDo

\

for a multimode semiconductor laser

of RMS spectral width o\

.

Different curves correspond to different values of the mode-partition

coefficient k.

One may think that MPN can be avoided completely by using DFB lasers designed

to oscillate in a single longitudinal mode. Unfortunately, this is not necessarily the

case [88]—[91]. The reason is that the main mode of any DFB laser is accompanied

by several side modes of much smaller amplitudes. The single-mode nature of DFB
lasers is quantified through the mode-suppression ratio (MSR), defined as the ratio of

the main-mode power Pm to the power Ps of the most dominant side mode. Clearly,

the effect of MPN on system performance would depend on the MSR. Attempts have

therefore been made to estimate the dependence of the MPN-induced power penalty on

the MSR [84]—[98].

A major difference between the multimode and nearly single-mode semiconduc-

tor lasers is related to the statistics associated with mode-partition fluctuations. In a

multimode laser, both main and side modes are above threshold and their fluctuations

are well described by a Gaussian probability density function. By contrast, side modes

in a DFB semiconductor laser are typically below threshold, and the optical power

associated with them follows an exponential distribution given by [84]

p(Ps) = p- l exp[-(Ps/Ps )}, (5.4.8)

where Ps is the average value of the random variable Ps .

The effect of side-mode fluctuations on system performance can be appreciated

by considering an ideal receiver. Let us assume that the relative delay AT = DLAX
between the main and side modes is large enough that the side mode appears outside

the bit slot (i.e., AT > l/B or BLDAXi > 1, where AAl is the mode spacing). The

decision circuit of the receiver would make an error for 0 bits if the side-mode power P s

were to exceed the decision threshold set at Pm j2, where Pm is the average main-mode
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power. Furthermore, the two modes are anticorrelated in such a way that the main-

mode power drops below Pm/2 whenever side-mode power exceeds Pm/2, so that the

total power remains nearly constant [85]. Thus, an error would occur even for “1” bits

whenever Ps > Pm/2. Since the two terms in Eq. (4.5.2) make equal contributions, the

BER is given by [84]

BER = p(Ps)dPs = exp (5.4.9)

The BER depends on the MSR defined as Rms =Pm/Ps and exceeds 10 9 when MSR <
42.

To calculate the MPN-induced power penalty in the presence of receiver noise,

one should follow the analysis in Section 4.5.1 and add an additional noise term that

accounts for side-mode fluctuations. For a p-i-n receiver the BER is found to be [85]

BER = -
2j“

fc

(£)
+ exp

Rms
+
Rms
4&

i_We
.

2 ^72 QV2j\
,

(5.4.10)

where the parameter Q is defined by Eq. (4.5.10). In the limit of an infinite MSR, Eq.

(5.4.10) reduces to Eq. (4.5.9). For a noise-free receiver (

Q

= <»), Eq. (5.4.10) reduces

to Eq. (5.4.9). Figure 5.9 shows the BER versus the power penalty at a BER of 10
~9

as

a function of MSR. As expected, the power penalty becomes infinite for MSR values

below 42, since the 10
-9 BER cannot be realized irrespective of the power received.

The penalty can be reduced to a negligible level (<0.1 dB) for MSR values in excess

of 100 (20 dB).

The experimental measurements of the BER in several transmission experiments

show that a BER floor above the 10~ 9
level can occur even for DFB lasers which ex-

hibit a MSR in excess of 30 dB under continuous-wave (CW) operation [88]—[91].

The reason behind the failure of apparently good lasers is related to the possibility of

side-mode excitation under transient conditions occurring when the laser is repeatedly

turned on and off to generate the bit stream. When the laser is biased below threshold

and modulated at a high bit rate (B > 1 Gb/s), the probability of side-mode excitation

above Pm/2 is much higher than that predicted by Eq. (5.4.8). Considerable atten-

tion has been paid to calculate, both analytically and numerically, the probability of

the transient excitation of side modes and its dependence on various device parame-

ters [87]—[98]. An important device parameter is found to be the gain margin between

the main and side modes. The gain margin should exceed a critical value which de-

pends on the bit rate. The critical value is about 5-6 cm -1
at 500 Mb/s [88] but can

exceed 15 cm-1
at high bit rates, depending on the bias and modulation currents [93].

The bias current plays a critical role. Numerical simulations show that the best perfor-

mance is achieved when the DFB laser is biased close to but slightly below threshold

to avoid the bit-pattern effects [98]. Moreover, the effects of MPN are independent of

the bit rate as long as the gain margin exceeds a certain value. The required value of

gain margin exceeds 25 cm -1
for the 5-GHz modulation frequency. Phase-shifted DFB

lasers have a large built-in gain margin and have been developed for this purpose.
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Figure 5.9: Effect ofMPN on bit-error rate of DFB lasers for several values ofMSR. Intersection

of the dashed line with the solid curves provides MPN-induced power penalty. (After Ref. [85];

©1985 IEEE; reprinted with permission.)

5.4.4 Frequency Chirping

Frequency chirping is an important phenomenon that is known to limit the performance

of 1 .55-/1m lightwave systems even when a DFB laser with a large MSR is used to gen-

erate the digital bit stream [99]— [ 1 12]. As discussed in Section 3.5.3, intensity modula-

tion in semiconductor lasers is invariably accompanied by phase modulation because of

the carrier-induced change in the refractive index governed by the linewidth enhance-

ment factor. Optical pulses with a time-dependent phase shift are called chirped. As a

result of the frequency chirp imposed on an optical pulse, its spectrum is considerably

broadened. Such spectral broadening affects the pulse shape at the fiber output because

of fiber dispersion and degrades system performance.

An exact calculation of the chirp-induced power penalty 5 c is difficult because fre-

quency chirp depends on both the shape and the width of the optical pulse [ 101]—[104].

For nearly rectangular pulses, experimental measurements of time-resolved pulse spec-

tra show that frequency chirp occurs mainly near the leading and trailing edges such

that the leading edge shifts toward the blue while the trailing edge shifts toward the

red. Because of the spectral shift, the power contained in the chirped portion of the

pulse moves out of the bit slot when the pulse propagates inside the optical fiber. Such
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Figure 5.10: Chirp-induced power penalty as a function of BLDAXc for several values of the

parameter Btc ,
where is the wavelength shift occurring because of frequency chirp and £ is

the duration of such a wavelength shift.

a power loss decreases the SNR at the receiver and results in power penalty. In a simple

model the chirp-induced power penalty is given by [100]

8C = -10 log 10 ( 1 — ABLDAXc)
,

(5.4.11)

where AAC is the spectral shift associated with frequency chirping. This equation ap-

plies as long as LDAXC < tc , where tc is the chirp duration. Typically, tc is 100-200 ps,

depending on the relaxation-oscillation frequency, since chirping lasts for about one-

half of the relaxation-oscillation period. By the time LDAX C equals tc , the power

penalty stops increasing because all the chirped power has left the bit interval. For

LDAXC > tc , the product LDAXC in Eq. (5.4.1 1) should be replaced by t c -

The model above is overly simplistic, as it does not take into account pulse shap-

ing at the receiver. A more accurate calculation based on raised-cosine filtering (see

Section 4.3.2) leads to the following expression [107]:

Sc = -20 log 10 { 1 (4tt/3 - 8)5
2LDAA,fc [l + (:2B/3)(LDAXc -tc)]}. (5.4.12)

The receiver is assumed to contain a p-i-n photodiode. The penalty is larger for an

APD, depending on the excess-noise factor of the APD. Figure 5.10 shows the power

penalty 8C as a function of the parameter combination BLDAX C for several values of the

parameter Btc , which is a measure of the fraction of the bit period over which chirping

occurs. As expected, 8C increases with both the chirp AAC and the chirp duration tc . The

power penalty can be kept below 1 dB if the system is designed such that BLDAX C <
0.1 and Btc < 0.2. A shortcoming of this model is that AX C and tc appear as free
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Figure 5.11: Chirp-induced power penalty as a function of \pz\

B

2L for several values of the

chirp parameter C. The Gaussian optical pulse is assumed to be linearly chirped over its entire

width.

parameters and must be determined for each laser through experimental measurements

of the frequency chirp. In practice, AA C itself depends on the bit rate B and increases

with it.

For lightwave systems operating at high bit rates (B > 2 Gb/s), the bit duration is

generally shorter than the total duration 2t c over which chirping is assumed to occur in

the foregoing model. The frequency chirp in that case increases almost linearly over

the entire pulse width (or bit slot). A similar situation occurs even at low bit rates if the

optical pulses do not contain sharp leading and trailing edges but have long rise and fall

times (Gaussian-like shape rather than a rectangular shape). If we assume a Gaussian

pulse shape and a linear chirp, the analysis of Section 2.4.2 can be used to estimate the

chirp-induced power penalty. Equation (2.4.16) shows that the chirped Gaussian pulse

remains Gaussian but its peak power decreases because of dispersion-induced pulse

broadening. Defining the power penalty as the increase (in dB) in the received power

that would compensate the peak-power reduction, 8C is given by

8C = 101og 10 /*, (5.4.13)

where fy is the broadening factor given by Eq. (2.4.22) with j3 3 = 0. The RMS width Go

of the input pulse should be such that 4go < 1 /B. Choosing the worst-case condition

Go = 1/4B, the power penalty is given by

8C = 5 log 10 [( 1 + 8C/32B
2
L)

2 + (8/32£
2
L)

2
] .

(5.4. 14)

Figure 5.11 shows the chirp-induced power penalty as a function of |/3 2 |i?
2L for

several values of the chirp parameter C. The parameter /3 2 is taken to be negative,
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Figure 5.12: Power penalty as a function of the extinction ratio. (After Ref. [105]; ©1987
IEEE; reprinted with permission.)

as is the case for 1.55-jum lightwave systems. The C = 0 curve corresponds to the

case of a chirp-free pulse. The power penalty is negligible (<0.1 dB) in this ideal

case as long as \p2 \B
2L < 0.05. However, the penalty can exceed 5 dB if the pulses

transmitted are chirped such that C = — 6. To keep the penalty below 0. 1 dB, the system

should be designed with |/32

1

B2L < 0.002. For |j32| =20 ps2/km, B2L is limited to 100

(Gb/s)2-km. Interestingly, system performance is improved for positive values of C
since the optical pulse then goes through an initial compression phase (see Section

2.4). Unfortunately, C is negative for semiconductor lasers; it can be approximated by

—pc , where pc is the linewidth enhancement factor with positive values of 2-6.

It is important to stress that the analytic results shown in Figs. 5.10 and 5.1 1 pro-

vide only a rough estimate of the power penalty. In practice, the chirp-induced power

penalty depends on many system parameters. For instance, several system experiments

have shown that the effect of chirp can be reduced by biasing the semiconductor laser

above threshold [103]. However, above-threshold biasing increases that extinction ratio

rex , defined in Eq. (4.6. 1 ) as rex = Ffo/P\ , where Pq and P\ are the powers received for bit

0 and bit 1, respectively. As discussed in Section 4.6.1, an increase in r ex decreases the

receiver sensitivity and leads to its own power penalty. Clearly, rex cannot be increased

indefinitely in an attempt to reduce the chirp penalty. The total system performance

can be optimized by designing the system so that it operates with an optimum value

of rex that takes into account the trade-off between the chirp and the extinction ratio.

Numerical simulations are often used to understand such trade-offs in actual lightwave

systems [1 10]—[1 13]. Figure 5.12 shows the power penalty as a function of the extinc-

tion ratio rex by simulating numerically the performance of a 1.55-/im lightwave sys-

tem transmitting at 4 Gb/s over a 100-km-long fiber. The total penalty can be reduced
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below 2 dB by operating the system with an extinction ratio of about 0.1. The optimum

values of rex and the total penalty are sensitive to many other laser parameters such as

the active-region width. A semiconductor laser with a wider active region is found to

have a larger chirp penalty [105]. The physical phenomenon behind this width depen-

dence appears to be the nonlinear gain [see Eq. (3.3.40)] and the associated damping of

relaxation oscillations. In general, rapid damping of relaxation oscillations decreases

the effect of frequency chirp and improves system performance [113].

The origin of chirp in semiconductor lasers is related to carrier-induced index

changes governed by the linewidth enhancement factor j3 c . The frequency chirp would

be absent for a laser with j3c = 0. Unfortunately, /3C cannot be made zero for semi-

conductor lasers, although it can be reduced by adopting a multiquantum-well (MQW)
design [1 14]— [1 18]. The use of a MQW active region reduces J3 C by about a factor

of 2. In one 1.55-jum experiment [120], the 10-Gb/s signal could be transmitted over

60-70 km, despite the high dispersion of standard telecommunication fiber, by biasing

the laser above threshold. The MQW DFB laser used in the experiment had /3 C
- ~ 3.

A further reduction in j3c occurs for strained quantum wells [118]. Indeed, /3 C ~ 1 has

been measured in modulation-doped strained MQW lasers [119]. Such lasers exhibit

low chirp under direct modulation at bit rates as high as 10 Gb/s.

An alternative scheme eliminates the laser-chirp problem completely by operating

the laser continuously and using an external modulator to generate the bit stream. This

approach has become practical with the development of optical transmitters in which

a modulator is integrated monolithically with a DFB laser (see Section 3.6.4). The

chirp parameter C is close to zero in such transmitters. As shown by the C = 0 curve in

Fig. 5.11, the dispersion penalty is below 2 dB in that case even when
|

j3 2^2F is close to

0.2. Moreover, an external modulator can be used to modulate the phase of the optical

carrier in such a way that fcC < 0 in Eq. (5.4.14). As seen in Fig. 5.11, the chirp-

induced power penalty becomes negative over a certain range of |/3 2
1

B2
L, implying

that such frequency chirping is beneficial to combat the effects of dispersion. In a

1996 experiment [121], the 10-Gb/s signal was transmitted penalty free over 100 km
of standard telecommunication fiber by using a modulator-integrated transmitter such

that C was effectively positive. By using @2 ~ —20 ps
2/km, it is easy to verify that

|/32

1

B2L = 0.2 for this experiment, a value that would have produced a power penalty

of more than 8 dB if the DFB laser were modulated directly.

5.4.5 Reflection Feedback and Noise

In most fiber-optic communication systems, some light is invariably reflected back

because of refractive-index discontinuities occurring at splices, connectors, and fiber

ends. The effects of such unintentional feedback have been studied extensively [ 122]—

[140] because they can degrade the performance of lightwave systems considerably.

Even a relatively small amount of optical feedback affects the operation of semicon-

ductor lasers [126] and can lead to excess noise in the transmitter output. Even when

an isolator is used between the transmitter and the fiber, multiple reflections between

splices and connectors can generate additional intensity noise and degrade receiver per-

formance [128]. This subsection is devoted to the effect of reflection-induced noise on

receiver sensitivity.
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Most reflections in a fiber link originate at glass-air interfaces whose reflectivity

can be estimated by using Rf = («/ — l)
2
/ (n/ + l)

2
, where nf is the refractive index

of the fiber material. For silica fibers Rf = 3.6% (—14.4 dB) if we use rif = 1.47.

This value increases to 5.3% for polished fiber ends since polishing can create a thin

surface layer with a refractive index of about 1.6. In the case of multiple reflections

occurring between two splices or connectors, the reflection feedback can increase con-

siderably because the two reflecting surfaces act as mirrors of a Fabry-Perot interfer-

ometer. When the resonance condition is satisfied, the reflectivity increases to 14%

for unpolished surfaces and to over 22% for polished surfaces. Clearly, a considerable

fraction of the signal transmitted can be reflected back unless precautions are taken to

reduce the optical feedback. A common technique for reducing reflection feedback is

to use index-matching oil or gel near glass-air interfaces. Sometimes the tip of the

fiber is curved or cut at an angle so that the reflected light deviates from the fiber axis.

Reflection feedback can be reduced to below 0.1% by such techniques.

Semiconductor lasers are extremely sensitive to optical feedback [133]; their oper-

ating characteristics can be affected by feedback as small as —80 dB [126]. The most

dramatic effect of feedback is on the laser linewidth, which can narrow or broaden by

several order of magnitude, depending on the exact location of the surface where feed-

back originates [122]. The reason behind such a sensitivity is related to the fact that the

phase of the reflected light can perturb the laser phase significantly even for relatively

weak feedback levels. Such feedback-induced phase changes are detrimental mainly

for coherent communication systems. The performance of direct-detection lightwave

systems is affected by intensity noise rather than phase noise.

Optical feedback can increase the intensity noise significantly. Several experiments

have shown a feedback-induced enhancement of the intensity noise occurring at fre-

quencies corresponding to multiples of the external-cavity mode spacing [123]—[125].

In fact, there are several mechanisms through which the relative intensity noise (RIN)

of a semiconductor laser can be enhanced by the external optical feedback. In a simple

model [127], the feedback-induced enhancement of the intensity noise is attributed to

the onset of multiple, closely spaced, external-cavity longitudinal modes whose spac-

ing is determined by the distance between the laser output facet and the glass-air inter-

face where feedback originates. The number and the amplitudes of the external-cavity

modes depend on the amount of feedback. In this model, the RIN enhancement is

due to intensity fluctuations of the feedback-generated side modes. Another source

of RIN enhancement has its origin in the feedback-induced chaos in semiconductor

lasers. Numerical simulations of the rate equations show that the RIN can be enhanced

by 20 dB or more when the feedback level exceeds a certain value [134]. Even though

the feedback-induced chaos is deterministic in nature, it manifests as an apparent RIN
increase.

Experimental measurements of the RIN and the BER in the presence of optical

feedback confirm that the feedback-induced RIN enhancement leads to a power penalty

in lightwave systems [137]— [ 140]. Figure 5.13 shows the results of the BER measure-

ments for a VCSEL operating at 958 nm. Such a laser operates in a single longitu-

dinal mode because of an ultrashort cavity length (~ 1 gm) and exhibits a RIN near

— 130 dB/Hz in the absence of reflection feedback. However, the RIN increases by as

much as 20 dB when the feedback exceeds the —30-dB level. The BER measurements
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Figure 5.13: Experimentally measured BER at 500 Mb/s for a VCSEL under optical feedback.

The BER is measured at several feedback levels. (After Ref. [139]; ©1993 IEEE; reprinted with

permission.)

at a bit rate of 500 Mb/s show a power penalty of 0.8 dB at a BER of 10
~9

for —30-dB
feedback, and the penalty increases rapidly at higher feedback levels [139].

The power penalty can be calculated by following the analysis of Section 4.6.2 and

is given by

5ref
= -10 1og 10(l-re

2
ffe

2
), (5.4.15)

where reff is the effective intensity noise over the receiver bandwidth A/ and is obtained

from

RlN(co)dco = 2(RIN)A/. (5.4.16)

In the case of feedback-induced external-cavity modes, r eff can be calculated by

using a simple model and is found to be [127]

r
2
ff
«r2 +jV/(MSR) 2

,
(5.4.17)

where rj is the relative noise level in the absence of reflection feedback, N is the number

of external-cavity modes, and MSR is the factor by which the external-cavity modes

remain suppressed. Figure 5.14 shows the reflection-noise power penalty as a function

of MSR for several values ofN by choosing r/ = 0.01. The penalty is negligible in the

absence of feedback (N = 0). However, it increases with an increase inN and a decrease

in MSR. In fact, the penalty becomes infinite when MSR is reduced below a critical
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Figure 5.14: Feedback-induced power penalty as a function of MSR for several values ofN and

rj = 0.01. Reflection feedback into the laser is assumed to generate N side modes of the same

amplitude.

value. Thus, reflection feedback can degrade system performance to the extent that

the system cannot achieve the desired BER despite an indefinite increase in the power

received. Such reflection-induced BER floors have been observed experimentally [125]

and indicate the severe impact of reflection noise on the performance of lightwave

systems. An example of the reflection-induced BER floor is seen in Fig. 5.13, where

the BER remains above 10
-9

for feedback levels in excess of —25 dB. Generally

speaking, most lightwave systems operate satisfactorily when the reflection feedback

is below —30 dB. In practice, the problem can be nearly eliminated by using an optical

isolator within the transmitter module.

Even when an isolator is used, reflection noise can be a problem for lightwave sys-

tems. In long-haul fiber links making use of optical amplifiers, fiber dispersion can

convert the phase noise to intensity noise, leading to performance degradation [130].

Similarly, two reflecting surfaces anywhere along the fiber link act as a Fabry-Perot

interferometer which can convert phase noise into intensity noise [128]. Such a con-

version can be understood by noting that multiple reflections inside a Fabry-Perot inter-

ferometer lead to a phase-dependent term in the transmitted intensity which fluctuates

in response to phase fluctuations. As a result, the RIN of the signal incident on the

receiver is higher than that occurring in the absence of reflection feedback. Most of

the RIN enhancement occurs over a narrow frequency band whose spectral width is

governed by the laser linewidth (~100 MHz). Since the total noise is obtained by inte-

grating over the receiver bandwidth, it can affect system performance considerably at

bit rates larger than the laser linewidth. The power penalty can still be calculated by

using Eq. (5.4.15). A simple model that includes only two reflections between the re-

flecting interfaces shows that reff is proportional to (/? 1 /^2 )

1//2
9 where R\ and R2 are the
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Figure 5.15: Steps involved in computer modeling of fiber-optic communication systems.

reflectivities of the two interfaces [128]. Figure 4.19 can be used to estimate the power

penalty. It shows that power penalty can become infinite and lead to BER floors when

reff exceeds 0.2. Such BER floors have been observed experimentally [128]. They can

be avoided only by eliminating or reducing parasitic reflections along the entire fiber

link. It is therefore necessary to employ connectors and splices that reduce reflections

through the use of index matching or other techniques.

5.5 Computer-Aided Design

The design of a fiber-optic communication system involves optimization of a large

number of parameters associated with transmitters, optical fibers, in-line amplifiers,

and receivers. The design aspects discussed in Section 5.2 are too simple to provide

the optimized values for all system parameters. The power and the rise-time budgets

are only useful for obtaining a conservative estimate of the transmission distance (or

repeater spacing) and the bit rate. The system margin in Eq. (5.2.4) is used as a ve-

hicle to include various sources of power penalties discussed in Section 5.4. Such a

simple approach fails for modern high-capacity systems designed to operate over long

distances using optical amplifiers.

An alternative approach uses computer simulations and provides a much more real-

istic modeling of fiber-optic communication systems [141 ]—[156]. The computer-aided

design techniques are capable of optimizing the whole system and can provide the op-

timum values of various system parameters such that the design objectives are met at

a minimum cost. Figure 5.15 illustrates the various steps involved in the simulation

process. The approach consists of generating an optical bit pattern at the transmitter,

transmitting it through the fiber link, detecting it at the receiver, and then analyzing it

through the tools such as the eye diagram and the Q factor.
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Each step in the block diagram shown in Fig. 5.15 can be carried out numerically

by using the material given in Chapters 2-4. The input to the optical transmitter is a

pseudorandom sequence of electrical pulses which represent 1 and 0 bits. The lengthN
of the pseudorandom bit sequence determines the computing time and should be chosen

judiciously. Typically, N = 2M , where M is in the range 6-10. The optical bit stream

can be obtained by solving the rate equations that govern the modulation response

of semiconductor lasers (see Section 3.5). The equations governing the modulation

response should be used if an external modulator is used. Chirping is automatically

included in both cases. Deformation of the optical bit stream during its transmission

through the optical fiber is calculated by solving the NLS equation (5.3.1). The noise

added by optical amplifiers should be included at the location of each amplifier.

The optical signal is converted into the electrical domain at the receiver. The shot

and thermal noise is adding through a fluctuating term with Gaussian statistics. The

electrical bit stream is shaped by passing it through a filter whose bandwidth is also

a design parameter. An eye diagram is constructed using the filtered bit stream. The

effect of varying system parameters can be studied by monitoring the eye degradation

or by calculating the Q parameter given in Eq. (4.5.11). Such an approach can be

used to obtain the power penalty associated with various mechanisms discussed in

Section 5.4. It can also be used to investigate trade-offs that would optimize the overall

system performance. An example is shown in Fig. 5.12, where the dependence of

the calculated system penalty on the frequency chirp and extinction ratio is found.

Numerical simulations reveal the existence of an optimum extinction ratio for which

the system penalty is minimum.

Computer-aided design has another important role to play. A long-haul lightwave

system may contain many repeaters, both optical and electrical. Transmitters, receivers,

and amplifiers used at repeaters, although chosen to satisfy nominal specifications, are

never identical. Similarly, fiber cables are constructed by splicing many different pieces

(typical length 4-8 km) which have slightly different loss and dispersion characteris-

tics. The net result is that many system parameters vary around their nominal values.

For example, the dispersion parameter D , responsible not only for pulse broadening

but also for other sources of power penalty, can vary significantly in different sections

of the fiber link because of variations in the zero-dispersion wavelength and the trans-

mitter wavelength. A statistical approach is often used to estimate the effect of such

inherent variations on the performance of a realistic lightwave system [ 146]—[150] . The

idea behind such an approach is that it is extremely unlikely that all system parameters

would take their worst-case values at the same time. Thus, repeater spacing can be

increased well above its worst-case value if the system is designed to operate reliably

at the specific bit rate with a high probability (say 99.9%).

The importance of computer-aided design for fiber-optic communication systems

became apparent during the 1990s when the dispersive and nonlinear effects in optical

fibers became of paramount concern with increasing bit rates and transmission dis-

tances. All modern lightwave systems are designed using numerical simulations, and

several software packages are available commercially. Appendix E provides details on

the simulation package available on the CD-ROM included with this book (Courtesy

OptiWave Corporation). The reader is encouraged to use it for a better understanding

of the material covered in this book.
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Problems

5.1 A distribution network uses an optical bus to distribute the signal to 10 users.

Each optical tap couples 10% of the power to the user and has 1-dB insertion

loss. Assuming that the station 1 transmits 1 mW of power over the optical bus,

calculate the power received by the stations 8, 9, and 10.

5.2 A cable-television operator uses an optical bus to distribute the video signal to

its subscribers. Each receiver needs a minimum of 100 nW to operate satisfacto-

rily. Optical taps couple 5% of the power to each subscriber. Assuming 0.5 dB

insertion loss for each tap and 1 mW transmitter power, estimate the number of

subscribers that can be added to the optical bus?

5.3 A star network uses directional couplers with 0.5-dB insertion loss to distribute

data to its subscribers. If each receiver requires a minimum of 100 nW and each

transmitter is capable of emitting 0.5 mW, calculate the maximum number of

subscribers served by the network.

5.4 Make the power budget and calculate the maximum transmission distance for a

1.3-jUm lightwave system operating at 100 Mb/s and using an LED for launching

0.1 mW of average power into the fiber. Assume 1-dB/km fiber loss, 0.2-dB

splice loss every 2 km, 1-dB connector loss at each end of fiber link, and 100-

nW receiver sensitivity. Allow 6-dB system margin.

5.5 A 1.3-jum long-haul lightwave system is designed to operate at 1.5 Gb/s. It is

capable of coupling 1 mW of average power into the fiber. The 0.5-dB/km fiber-

cable loss includes splice losses. The connectors at each end have 1-dB losses.

The InGaAs p-i-n receiver has a sensitivity of 250 nW. Make the power budget

and estimate the repeater spacing.

5.6 Prove that the rise time Tr and the 3-dB bandwidth A/ of a RC circuit are related

by TrAf = 0.35.

5.7 Consider a super-Gaussian optical pulse with the power distribution

P(t) = P0exp[-(t/T0)

2m
],

where the parameter m controls the pulse shape. Derive an expression for the

rise time Tr of such a pulse. Calculate the ratio 7V/7fwhm> where Tfwhm is the

full width at half maximum, and show that for a Gaussian pulse (m = 1) this ratio

equals 0.716.

5.8 Prove that for a Gaussian optical pulse, the rise time Tr and the 3-dB optical

bandwidth A/ are related by TrAf = 0.316.

5.9 Make the rise-time budget for a 0.85-/1m, 10-km fiber link designed to operate at

50 Mb/s. The LED transmitter and the Si p-i-n receiver have rise times of 10 and

15 ns, respectively. The graded-index fiber has a core index of 1.46, A = 0.01,

and D = 80 ps/(km-nm). The LED spectral width is 50 nm. Can the system be

designed to operate with the NRZ format?
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5.10 A 1.3-jUm lightwave system is designed to operate at 1.7 Gb/s with a repeater

spacing of 45 km. The single-mode fiber has a dispersion slope of 0.1 ps/(km-

nm2
) in the vicinity of the zero-dispersion wavelength occurring at 1.308 jUm.

Calculate the wavelength range of multimode semiconductor lasers for which the

mode-partition-noise power penalty remains below 1 dB. Assume that the RMS
spectral width of the laser is 2 nm and the mode-partition coefficient k = 0.7.

5.11 Generalize Eq. (5.4.5) for the case of APD receivers by including the excess-

noise factor in the form F(M) =Mx
.

5.12 Consider a 1.55-jUm lightwave system operating at 1 Gb/s by using multimode

semiconductor lasers of 2 nm (RMS) spectral width. Calculate the maximum
transmission distance that would keep the mode-partition-noise power penalty

below 2 dB. Use k = 0.8 for the mode-partition coefficient.

5.13 Follow the rate-equation analysis of Section 3.3.8 (see also Ref. [84]) to prove

that the side-mode power Ps follows an exponential probability density function

given by Eq. (5.4.8).

5.14 Use Eq. (5.4. 14) to determine the maximum transmission distance for a 1 .55-/im

lightwave system operating at 4 Gb/s such that the chirp-induced power penalty

is below 1 dB. Assume that C = — 6 for the single-mode semiconductor laser and

/32
= — 20 ps 2/km for the single-mode fiber.

5.15 Repeat Problem 5. 14 for the case of 8-Gb/s bit rate.

5.16 Use the results of Problem 4. 16 to obtain an expression of the reflection-induced

power penalty in the case of a finite extinction ratio rex . Reproduce the penalty

curves shown in Fig. 5.13 for the case rex = 0.1.

5.17 Consider a Fabry-Perot interferometer with two surfaces of reflectivity R
\
and

/?2 * Follow the analysis of Ref. [128] to derive an expression of the relative

intensity noise RIN(rn) of the transmitted light as a function of the linewidth of

the incident light. Assume that R \ and R2 are small enough that it is enough to

consider only a single reflection at each surface.

5.18 Follow the analysis of Ref. [142] to obtain an expression for the total receiver

noise by including thermal noise, shot noise, intensity noise, mode-partition

noise, chirp noise, and reflection noise.
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Chapter 6

Optical Amplifiers

As seen in Chapter 5, the transmission distance of any fiber-optic communication sys-

tem is eventually limited by fiber losses. For long-haul systems, the loss limitation

has traditionally been overcome using optoelectronic repeaters in which the optical

signal is first converted into an electric current and then regenerated using a transmit-

ter. Such regenerators become quite complex and expensive for wavelength-division

multiplexed (WDM) lightwave systems. An alternative approach to loss management

makes use of optical amplifiers, which amplify the optical signal directly without re-

quiring its conversion to the electric domain. Several kinds of optical amplifiers were

developed during the 1980s, and the use of optical amplifiers for long-haul lightwave

systems became widespread during the 1990s. By 1996, optical amplifiers were a part

of the fiber-optic cables laid across the Atlantic and Pacific oceans. This chapter is

devoted to optical amplifiers. In Section 6.1 we discuss general concepts common
to all optical amplifiers. Semiconductor optical amplifiers are considered in Section

6.2, while Section 6.3 focuses on Raman amplifiers. Section 6.4 is devoted to fiber

amplifiers made by doping the fiber core with a rare-earth element. The emphasis is

on the erbium-doped fiber amplifiers, used almost exclusively for 1.55-jum lightwave

systems. System applications of optical amplifiers are discussed in Section 6.5.

6.1 Basic Concepts

Most optical amplifiers amplify incident light through stimulated emission, the same

mechanism that is used by lasers (see Section 3.1). Indeed, an optical amplifier is

nothing but a laser without feedback. Its main ingredient is the optical gain realized

when the amplifier is pumped (optically or electrically) to achievepopulation inversion.

The optical gain, in general, depends not only on the frequency (or wavelength) of the

incident signal, but also on the local beam intensity at any point inside the amplifier.

Details of the frequency and intensity dependence of the optical gain depend on the

amplifier medium. To illustrate the general concepts, let us consider the case in which

the gain medium is modeled as a homogeneously broadened two-level system. The

226
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gain coefficient of such a medium can be written as [1]

gO

\ + {(0-(0Q )

2T 2 + P/Ps
' (6 . 1 . 1 )

where go is the peak value of the gain, co is the optical frequency of the incident signal,

o>o is the atomic transition frequency, and P is the optical power of the signal being

amplified. The saturation power Ps depends on gain-medium parameters such as the

fluorescence time T\ and the transition cross section; its expression for different kinds

of amplifiers is given in the following sections. The parameter T2 in Eq. (6. 1 . 1), known

as the dipole relaxation time , is typically quite small (< 1 ps). The fluorescence time T \

,

also called the population relaxation time , varies in the range 100 ps-10 ms, depending

on the gain medium. Equation (6.1.1) can be used to discuss important characteristics

of optical amplifiers, such as the gain bandwidth, amplification factor, and output satu-

ration power.

6.1.1 Gain Spectrum and Bandwidth

Consider the unsaturated regime in which P/Ps <C 1 throughout the amplifier. By ne-

glecting the term P/Ps in Eq. (6.1.1), the gain coefficient becomes

g(®)
go

\ + {(0-(Oq) 2T^
(6.1.2)

This equation shows that the gain is maximum when the incident frequency co coincides

with the atomic transition frequency co0 . The gain reduction for co coo is governed

by a Lorentzian profile that is a characteristic of homogeneously broadened two-level

systems [1]. As discussed later, the gain spectrum of actual amplifiers can deviate con-

siderably from the Lorentzian profile. The gain bandwidth is defined as the full width

at half maximum (FWHM) of the gain spectrum g(co). For the Lorentzian spectrum,

the gain bandwidth is given by Acog = 2/72, or by

Av? =
A<Og

2n

1

m2

(6.1.3)

As an example, Av^ ~ 5 THz for semiconductor optical amplifiers for which T2 ~ 60 fs.

Amplifiers with a relatively large bandwidth are preferred for optical communication

systems because the gain is then nearly constant over the entire bandwidth of even a

multichannel signal.

The concept of amplifier bandwidth is commonly used in place of the gain band-

width. The difference becomes clear when one considers the amplifier gain G, known

as the amplificationfactor and defined as

G = Pout/-Pin, (6.1.4)

where Pin and P0ut are the input and output powers of the continuous-wave (CW) signal

being amplified. We can obtain an expression for G by using
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Normalized detuning

Figure 6.1: Lorentzian gain profile g(co) and the corresponding amplifier-gain spectrum G(co)

for a two-level gain medium.

where P(z) is the optical power at a distance z from the input end. A straightforward

integration with the initial condition P(0) = Pin shows that the signal power grows

exponentially as

P(z) = Pin exp(gz) . (6.1.6)

By noting that P(L) = PGut and using Eq. (6.1.4), the amplification factor for an ampli-

fier of length L is given by

G((o) = exp[g(fi))L], (6.1.7)

where the frequency dependence of both G and g is shown explicitly. Both the amplifier

gain G(co) and the gain coefficient g((o) are maximum when co = coq and decrease with

the signal detuning co — coq. However, G((o) decreases much faster than g((o). The

amplifier bandwidth Ava is defined as the FWHM of G(ft>) and is related to the gain

bandwidth Avg as

Ava = Avg

In 2 I
1 /2

ln(G0/2)
(6 . 1 .8)

where Go = exp(goT). Figure 6.1 shows the gain profile g(co) and the amplification

factor G(cq) by plotting g/go and G/Go as a function of (ft) — C0q)T2. The amplifier

bandwidth is smaller than the gain bandwidth, and the difference depends on the am-

plifier gain itself.
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Normalized output power, P^^/P,

Figure 6.2: Saturated amplifier gain G as a function of the output power (normalized to the

saturation power) for several values of the unsaturated amplifier gain Gq.

6.1.2 Gain Saturation

The origin of gain saturation lies in the power dependence of the g(o)) in Eq. (6.1.1).

Since g is reduced when P becomes comparable to PS9 the amplification factor G de-

creases with an increase in the signal power. This phenomenon is called gain saturation.

Consider the case in which incident signal frequency is exactly tuned to the gain peak

(co = C0q). The detuning effects can be incorporated in a straightforward manner. By
substituting g from Eq. (6.1.1) in Eq. (6.1.5), we obtain

dP _ gpP

dz
~ l+P/Ps'

(6.1.9)

This equation can easily be integrated over the amplifier length. By using the initial

condition JP(0) = P[n together with P(L) = PQut = GPm , we obtain the following implicit

relation for the large-signal amplifier gain:

G = Go exp (6.1.10)

Equation (6.1.10) shows that the amplification factor G decreases from its unsatu-

rated value Go when PGut becomes comparable to Ps . Figure 6.2 shows the saturation

characteristics by plotting G as a function ofPout/Ps for several values of Go- A quantity

of practical interest is the output saturation power P*ut , defined as the output power for

which the amplifier gain G is reduced by a factor of 2 (or by 3 dB) from its unsaturated

value Go. By using G = Go/2 in Eq. (6.1.10),

v Go In 2
Ps — r p
out G0 -2

(6.1.11)
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Here, P*ut is smaller than Ps by about 30%. Indeed, by noting that Go 2 in practice

(Go = 1000 for 30-dB amplifier gain), P*ut ~ (ln2)Ps « 0.69Ps . As seen in Fig. 6.2,

P*ut becomes nearly independent of Go for Go > 20 dB.

6.1.3 Amplifier Noise

All amplifiers degrade the signal-to-noise ratio (SNR) of the amplified signal because

of spontaneous emission that adds noise to the signal during its amplification. The

SNR degradation is quantified through a parameter Fn , called the amplifier noisefigure

in analogy with the electronic amplifiers (see Section 4.4.1) and defined as [2]

(SNR)in

(SNR)out
(6.1.12)

where SNR refers to the electric power generated when the optical signal is converted

into an electric current. In general, Fn depends on several detector parameters that gov-

ern thermal noise associated with the detector (see Section 4.4.1). A simple expression

for Fn can be obtained by considering an ideal detector whose performance is limited

by shot noise only [2].

Consider an amplifier with the gain G such that the output and input powers are

related by Pout
= GPm . The SNR of the input signal is given by

(SNR) in

{RP-m? Pin

2q{RPm)Af 2/ZVA/’
(6.1.13)

where (I) = RP[n is the average photocurrent, R = q/hv is the responsivity of an ideal

photodetector with unit quantum efficiency (see Section 4.1), and

C7
S

2 = 2q(RPm)Af (6.1.14)

is obtained from Eq. (4.4.5) for the shot noise by setting the dark current 7^=0. Here

A/ is the detector bandwidth. To evaluate the SNR of the amplified signal, one should

add the contribution of spontaneous emission to the receiver noise.

The spectral density of spontaneous-emission-induced noise is nearly constant (white

noise) and can be written as [2]

Ssp (v) = (G— l)nsvhv, (6.1.15)

where v is the optical frequency. The parameter n sp is called the spontaneous-emission

factor (or the population-inversion factor) and is given by

nsp =N2/(N2 -Ni), (6.1.16)

where N\ and N2 are the atomic populations for the ground and excited states, respec-

tively. The effect of spontaneous emission is to add fluctuations to the amplified signal;

these are converted to current fluctuations during the photodetection process.

It turns out that the dominant contribution to the receiver noise comes from the beat-

ing of spontaneous emission with the signal [2]. The spontaneously emitted radiation
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mixes with the amplified signal and produces the current I = R\ VGE[n +ES

p

|

2
at the

photodetector of responsivity R. Noting that Em and Es

p

oscillate at different frequen-

cies with a random phase difference, it is easy to see that the beating of spontaneous

emission with the signal will produce a noise current AI = 2R(GPin )

l /2 \ESp\cosO,

where 6 is a rapidly varying random phase. Averaging over the phase, and neglect-

ing all other noise sources, the variance of the photocurrent can be written as

a2 « 4(RGPin)(RSSp)Af, (6.1.17)

where cos2 6 was replaced by its average value ^ . The SNR of the amplified signal is

thus given by

(SNR) out =
(RGP,n)

2
_ GPm

a2 ~
45'spA/'

(6.1.18)

The amplifier noise figure can now be obtained by substituting Eqs. (6.1.13) and

(6.1.18) in Eq. (6.1.12). If we also use Eq. (6.1.15) for S s

p

,

Fn = 2ftsp(G— 1)/G« 2usp. (6.1.19)

This equation shows that the SNR of the amplified signal is degraded by 3 dB even for

an ideal amplifier for which rc sp = 1. For most practical amplifiers, Fn exceeds 3 dB

and can be as large as 6-8 dB. For its application in optical communication systems,

an optical amplifier should have Fn as low as possible.

6.1.4 Amplifier Applications

Optical amplifiers can serve several purposes in the design of fiber-optic communica-

tion systems: three common applications are shown schematically in Fig. 6.3. The

most important application for long-haul systems consists of using amplifiers as in-line

amplifiers which replace electronic regenerators (see Section 5.1). Many optical ampli-

fiers can be cascaded in the form of a periodic chain as long as the system performance

is not limited by the cumulative effects of fiber dispersion, fiber nonlinearity, and am-

plifier noise. The use of optical amplifiers is particularly attractive forWDM lightwave

systems as all channels can be amplified simultaneously.

Another way to use optical amplifiers is to increase the transmitter power by placing

an amplifier just after the transmitter. Such amplifiers are called power amplifiers or

power boosters , as their main purpose is to boost the power transmitted. A power

amplifier can increase the transmission distance by 100 km or more depending on the

amplifier gain and fiber losses. Transmission distance can also be increased by putting

an amplifier just before the receiver to boost the received power. Such amplifiers are

called optical preamplifiers and are commonly used to improve the receiver sensitivity.

Another application of optical amplifiers is to use them for compensating distribution

losses in local-area networks. As discussed in Section 5.1, distribution losses often

limit the number of nodes in a network. Many other applications of optical amplifiers

are discussed in Chapter 8 devoted to WDM lightwave systems.
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Figure 6.3: Three possible applications of optical amplifiers in lightwave systems: (a) as in-line

amplifiers; (b) as a booster of transmitter power; (c) as a preamplifier to the receiver.

6.2 Semiconductor Optical Amplifiers

All lasers act as amplifiers close to but before reaching threshold, and semiconductor

lasers are no exception. Indeed, research on semiconductor optical amplifiers (SOAs)

started soon after the invention of semiconductor lasers in 1962. However, it was

only during the 1980s that SOAs were developed for practical applications, motivated

largely by their potential applications in lightwave systems [3]—[8]. In this section we
discuss the amplification characteristics of SOAs and their applications.

6.2.1 Amplifier Design

The amplifier characteristics discussed in Section 6.1 were for an optical amplifier

without feedback. Such amplifiers are called traveling-wave (TW) amplifiers to em-

phasize that the amplified signal travels in the forward direction only. Semiconductor

lasers experience a relatively large feedback because of reflections occurring at the

cleaved facets (32% reflectivity). They can be used as amplifiers when biased be-

low threshold, but multiple reflections at the facets must be included by considering a

Fabry-Perot (FP) cavity. Such amplifiers are called FP amplifiers. The amplification

factor is obtained by using the standard theory of FP interferometers and is given by [4]

= (l-/?i)(l-j?2 )G(v)
FPl

(1 — G\fR^Ri)2 + AG\TR^R2 sin
2
[n(v — vm)/AvzJ

’ (6 .2 . 1 )
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where R \ and R2 are the facet reflectivities, vm represents the cavity-resonance frequen-

cies [see Eq. (3.3.5)], and Avl is the longitudinal-mode spacing, also known as the free

spectral range of the FP cavity. The single-pass amplification factor G corresponds to

that of a TW amplifier and is given by Eq. (6.E7) when gain saturation is negligible.

Indeed, Gpp reduces to G when R\ =R2 = 0.

As evident from Eq. (6.2.1), Gpp(v) peaks whenever v coincides with one of the

cavity-resonance frequencies and drops sharply in between them. The amplifier band-

width is thus determined by the sharpness of the cavity resonance. One can calculate

the amplifier bandwidth from the detuning v — vm for which Gpp drops by 3 dB from

its peak value. The result is given by

Ava
2Avl

n
sin

\-gVr[r2 \

(4GVR^yi2 )' (6 .2 .2)

To achieve a large amplification factor, Gy/R\R2 should be quite close to 1. As seen

from Eq. (6.2.2), the amplifier bandwidth is then a small fraction of the free spectral

range of the FP cavity (typically, Avl ~ 100 GHz and Av^ <10 GHz). Such a small

bandwidth makes FP amplifiers unsuitable for most lightwave system applications.

TW-type SOAs can be made if the reflection feedback from the end facets is sup-

pressed. A simple way to reduce the reflectivity is to coat the facets with an antire-

flection coating. However, it turns out that the reflectivity must be extremely small

(<0.1%) for the SOA to act as a TW amplifier. Furthermore, the minimum reflectivity

depends on the amplifier gain itself. One can estimate the tolerable value of the facet

reflectivity by considering the maximum and minimum values of Gpp from Eq. (6.2.1)

near a cavity resonance. It is easy to verify that their ratio is given by

GjPpax _ / l +Gy^T \
2

G“n (i-Gv^y (6.2.3)

If AG exceeds 3 dB, the amplifier bandwidth is set by the cavity resonances rather

than by the gain spectrum. To keep AG < 2, the facet reflectivities should satisfy the

condition

G\/R\R2 < 0.17. (6.2.4)

It is customary to characterize the SOA as a TW amplifier when Eq. (6.2.4) is satisfied.

A SOA designed to provide a 30-dB amplification factor (G = 1000) should have facet

reflectivities such that y/R\R2 < 1.7 x 10
-4

.

Considerable effort is required to produce antireflection coatings with reflectivities

less than 0.1%. Even then, it is difficult to obtain low facet reflectivities in a predictable

and regular manner. For this reason, alternative techniques have been developed to

reduce the reflection feedback in SOAs. In one method, the active-region stripe is tilted

from the facet normal, as shown in Fig. 6.4(a). Such a structure is referred to as the

angled-facet or tilted-stripe structure [9]. The reflected beam at the facet is physically

separated from the forward beam because of the angled facet. Some feedback can still

occur, as the optical mode spreads beyond the active region in all semiconductor laser

devices. In practice, the combination of an antireflection coating and the tilted stripe

can produce reflectivities below 10
-3

(as small as 10
-4

with design optimization). In



234 CHAPTER 6. OPTICAL AMPLIFIERS

Figure 6.4: (a) Tilted-stripe and (b) buried-facet structures for nearly TW semiconductor optical

amplifiers.

an alternative scheme [10] a transparent region is inserted between the active-layer ends

and the facets [see Fig. 6.4(b)]. The optical beam spreads in this window region before

arriving at the semiconductor-air interface. The reflected beam spreads even further on

the return trip and does not couple much light into the thin active layer. Such a structure

is called buried-facet or window-facet structure and has provided reflectivities as small

as 10
-4 when used in combination with antireflection coatings.

6.2.2 Amplifier Characteristics

The amplification factor of SOAs is given by Eq. (6.2.1). Its frequency dependence

results mainly from the frequency dependence of G(v) when condition (6.2.4) is sat-

isfied. The measured amplifier gain exhibits ripples reflecting the effects of residual

facet reflectivities. Figure 6.5 shows the wavelength dependence of the amplifier gain

measured for a SOA with the facet reflectivities of about 4 x 10
“4

. Condition (6.2.4) is

well satisfied as G^/R\R2 ~ 0.04 for this amplifier. Gain ripples were negligibly small

as the SOA operated in a nearly TW mode. The 3-dB amplifier bandwidth is about

70 nm because of a relatively broad gain spectrum of SOAs (see Section 3.3.1).

To discuss gain saturation, consider the peak gain and assume that it increases lin-

early with the carrier populationN as (see Section 3.3.1)

g(N) = (ra
g/V)(N-N0 ), (6.2.5)
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Figure 6.5: Amplifier gain versus signal wavelength for a semiconductor optical amplifier whose

facets are coated to reduce reflectivity to about 0.04%. (After Ref. [3]; ©1987 IEEE; reprinted

with permission.)

where T is the confinement factor, ag is the differential gain, V is the active volume,

and No is the value ofN required at transparency. The gain has been reduced by T to

account for spreading of the waveguide mode outside the gain region of SOAs. The

carrier population N changes with the injection current / and the signal power P as

indicated in Eq. (3.5.2). Expressing the photon number in terms of the optical power,

this equation can be written as

dN I N Og(N-No)
p

dt q Tc Omhv
(6.2.6)

where Tc is the carrier lifetime and om is the cross-sectional area of the waveguide

mode. In the case of a CW beam, or pulses much longer than rc , the steady-state

value ofN can be obtained by setting dN/dt = 0 in Eq. (6.2.6). When the solution is

substituted in Eq. (6.2.5), the optical gain is found to saturate as

8 =
80

1 + P//V
(6.2.7)

where the small-signal gain go is given by

gO = (Tog/V)(lTc/q-No), (6.2.8)

and the saturation power Ps is defined as

Ps = hV <Jm / (
Gg Xc )

.

(6.2.9)

A comparison of Eqs. (6.1.1) and (6.2.7) shows that the SOA gain saturates in the same

way as that for a two-level system. Thus, the output saturation power P0
y

ut is obtained
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from Eq. (6.1.1 1) with Ps given by Eq. (6.2.9). Typical values of P*ut are in the range

5-10 mW.

The noise figure Fn of SOAs is larger than the minimum value of 3 dB for several

reasons. The dominant contribution comes from the spontaneous-emission factor rc sp .

For SOAs, nsp is obtained from Eq. (6.1.16) by replacing N

2

and N\ by N and No, re-

spectively. An additional contribution results from internal losses (such as free-carrier

absorption or scattering loss) which reduce the available gain from g to g
— aint- By

using Eq. (6.1.19) and including this additional contribution, the noise figure can be

written as [6]

Fn = 2 ( ) (6-2.10)
\N-NoJ \g-OCintJ

Residual facet reflectivities increaseFn by an additional factor that can be approximated

by 1 +R\G, where R\ is the reflectivity of the input facet [6]. In most TW amplifiers,

R\G <C 1, and this contribution can be neglected. Typical values ofFn for SOAs are in

the range 5-7 dB.

An undesirable characteristic of SOAs is their polarization sensitivity. The ampli-

fier gain G differs for the transverse electric and magnetic (TE, TM) modes by as much
as 5-8 dB simply because both G and og are different for the two orthogonally polar-

ized modes. This feature makes the amplifier gain sensitive to the polarization state

of the input beam, a property undesirable for lightwave systems in which the state of

polarization changes with propagation along the fiber (unless polarization-maintaining

fibers are used). Several schemes have been devised to reduce the polarization sensi-

tivity ( 10]—[15]. In one scheme, the amplifier is designed such that the width and the

thickness of the active region are comparable. A gain difference of less than 1.3 dB be-

tween TE and TM polarizations has been realized by making the active layer 0.26 pm
thick and 0.4 pm wide [10]. Another scheme makes use of a large-optical-cavity struc-

ture; a gain difference of less than 1 dB has been obtained with such a structure [11].

Several other schemes reduce the polarization sensitivity by using two amplifiers

or two passes through the same amplifier. Figure 6.6 shows three such configurations.

In Fig. 6.6(a), the TE-polarized signal in one amplifier becomes TM polarized in the

second amplifier, and vice versa. If both amplifiers have identical gain characteristics,

the twin-amplifier configuration provides signal gain that is independent of the signal

polarization. A drawback of the series configuration is that residual facet reflectivi-

ties lead to mutual coupling between the two amplifiers. In the parallel configuration

shown in Fig. 6.6(b) the incident signal is split into a TE- and a TM-polarized signal,

each of which is amplified by separate amplifiers. The amplified TE and TM signals

are then combined to produce the amplified signal with the same polarization as that

of the input beam [12]. The double-pass configuration of Fig. 6.6(c) passes the signal

through the same amplifier twice, but the polarization is rotated by 90 0 between the

two passes [13]. Since the amplified signal propagates in the backward direction, a

3-dB fiber coupler is needed to separate it from the incident signal. Despite a 6-dB loss

occurring at the fiber coupler (3 dB for the input signal and 3 dB for the amplified sig-

nal) this configuration provides high gain from a single amplifier, as the same amplifier

supplies gain on the two passes.
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Figure 6.6: Three configurations used to reduce the polarization sensitivity of semiconductor

optical amplifiers: (a) twin amplifiers in series; (b) twin amplifiers in parallel; and (c) double

pass through a single amplifier.

6.2.3 Pulse Amplification

One can adapt the formulation developed in Section 2.4 for pulse propagation in optical

fibers to the case of SOAs by making a few changes. The dispersive effects are not

important for SOAs because of negligible material dispersion and a short amplifier

length (<1 mm in most cases). The amplifier gain can be included by adding the term

gA/2 on the right side of Eq. (2.4.7). By setting @2 = @3 = 0, the amplitude A (z,t) °f

the pulse envelope then evolves as [18]

where carrier-induced index changes are included through the linewidth enhancement

factor pc (see Section 3.5.2). The time dependence of g is governed by Eqs. (6.2.5) and

(6.2.6). The two equations can be combined to yield

dg _ go-g g\M
2

dt Tc Esat

where the saturation energy Esat is defined as

^sat = hv{Om/Gg) •>

and go is given by Eq. (6.2.8). Typically E sat ~ 1 PJ-

(6.2.12)

(6.2.13)
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Equations (6.2.11) and (6.2.12) govern amplification of optical pulses in SOAs.

They can be solved analytically for pulses whose duration is short compared with the

carrier lifetime (tp <C tc ). The first term on the right side of Eq. (6.2.12) can then be

neglected during pulse amplification. By introducing the reduced time t = t — z/v g

together with A = v
/

Eexp(/0), Eqs. (6.2.1 1) and (6.2.12) can be written as [18]

dP , .— = g(z,T)P(z,T),

|j7
= ~lPcg(z,T),

= S(Z,T)P(Z,T)/Esat
O T

Equation (6.2. 14) can easily be integrated over the amplifier length L to yield

jPout(T) =Pin (T)exp[/*(T)], (6.2.17)

where P{n (T) is the input power and h(z) is the total integrated gain defined as

Kt)= f
L

g(z,T)dz . (6.2.18)
Jo

If Eq. (6.2. 16) is integrated over the amplifier length after replacing gP by dP/dz, h( t)

satisfies [18]

If
= -2-[Pout(T) -fln(T)] = - 1). (6.2.19)

UT ZLsat ^sat

Equation (6.2.19) can easily be solved to obtain h( t). The amplification factor G(t) is

related to h( t) as G = exp(/z) and is given by [1]

(6.2.14)

(6.2.15)

(6.2.16)

G(t)
Go

G0 -(G0 -l)exp[—EoW/Esat]’
(6.2.20)

where Go is the unsaturated amplifier gain and Eq(t) = fl^PmiT)dr is the partial

energy of the input pulse defined such that Eo(°°) equals the input pulse energy Em .

The solution (6.2.20) shows that the amplifier gain is different for different parts of

the pulse. The leading edge experiences the full gain Go as the amplifier is not yet sat-

urated. The trailing edge experiences the least gain since the whole pulse has saturated

the amplifier gain. The final value of G(t) after passage of the pulse is obtained from

Eq. (6.2.20) by replacing Eq{t) by Em . The intermediate values of the gain depend on

the pulse shape. Figure 6.7 shows the shape dependence of G(t) for super-Gaussian

input pulses by using

Pm {t) = Pq exp[— (r/tp)
2”1

] ,
(6.2.21)

where m is the shape parameter. The input pulse is Gaussian for m = 1 but becomes

nearly rectangular as m increases. For comparison purposes, the input energy is held

constant for different pulse shapes by choosing E-m/E^[ = 0.1. The shape dependence

of the amplification factor G(t) implies that the output pulse is distorted, and distortion

is itself shape dependent.
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Figure 6.7: Time-dependent amplification factor for super-Gaussian input pulses of input energy

such that E[n/Esat = 0.1. The unsaturated value Go is 30 dB in all cases. The input pulse is

Gaussian for m = 1 but becomes nearly rectangular as m increases.

As seen from Eq. (6.2.15), gain saturation leads to a time-dependent phase shift

across the pulse. This phase shift is found by integrating Eq. (6.2.15) over the amplifier

length and is given by

0(t) = -jj3c [

L

g(z,r)dz = -^ch(r) = -±j3c ln [G( t)]. (6.2.22)
v 0

Since the pulse modulates its own phase through gain saturation, this phenomenon is

referred to as saturation-induced self-phase modulation [18]. The frequency chirp is

related to the phase derivative as

1 d(\) /3c dh

2k dx An dx

PcFlnj T)

AnEsat

(6.2.23)

where Eq. (6.2.19) was used. Figure 6.8 shows the chirp profiles for several input pulse

energies when a Gaussian pulse is amplified in a SOA with 30-dB unsaturated gain.

The frequency chirp is larger for more energetic pulses simply because gain saturation

sets in earlier for such pulses.

Self-phase modulation and the associated frequency chirp can affect lightwave sys-

tems considerably. The spectrum of the amplified pulse becomes considerably broad

and contains several peaks of different amplitudes [18]. The dominant peak is shifted

toward the red side and is broader than the input spectrum. It is also accompanied

by one or more satellite peaks. Figure 6.9 shows the expected shape and spectrum of

amplified pulses when a Gaussian pulse of energy such that E{n/Esat = 0.1 is amplified
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Figure 6.8: Frequency chirp imposed across the amplified pulse for several values of £jn/£sat- A
Gaussian input pulse is assumed together with Go = 30 dB and /3C = 5. (After Ref. [19]; ©1989
IEEE; reprinted with permission.)

by a SOA. The temporal and spectral changes depend on amplifier gain and are quite

significant for Go = 30 dB. The experiments performed by using picosecond pulses

from mode-locked semiconductor lasers confirm this behavior [18]. In particular, the

spectrum of amplified pulses is found to be shifted toward the red side by 50-100 GHz,

depending on the amplifier gain. Spectral distortion in combination with the frequency

chirp would affect the transmission characteristics when amplified pulses are propa-

gated through optical amplifiers.

It turns out that the frequency chirp imposed by the SOA is opposite in nature com-

pared with that imposed by directly modulated semiconductor lasers. If we also note

that the chirp is nearly linear over a considerable portion of the amplified pulse (see

Fig. 6.8), it is easy to understand that the amplified pulse would pass through an initial

compression stage when it propagates in the anomalous-dispersion region of optical

fibers (see Section 2.4.2). Such a compression was observed in an experiment [19] in

which 40-ps optical pulses were first amplified in a 1.52-/1m SOA and then propagated

through 18 km of single-mode fiber with /3 2 = — 18 ps2/km. This compression mecha-

nism can be used to design fiber-optic communication systems in which in-line SOAs
are used to compensate simultaneously for both fiber loss and dispersion by operating

SOAs in the saturation region so that they impose frequency chirp on the amplified

pulse. The basic concept was demonstrated in 1989 in an experiment [20] in which a

16-Gb/s signal was transmitted over 70 km by using an SOA. In the absence of the

SOA or when the SOA was operated in the unsaturated regime, the system was dis-

persion limited to the extent that the signal could not be transmitted over more than

20 km.

The preceding analysis considers a single pulse. In a lightwave system, the signal
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Figure 6.9: (a) Shape and (b) spectrum at the output of a semiconductor optical amplifier with

Go = 30 dB and fic = 5 for a Gaussian input pulse of energy E[n/Esat = 0.1. The dashed curves

show for comparison the shape and spectrum of the input pulse.

consists of a random sequence of 1 and 0 bits. If the energy of each 1 bit is large

enough to saturate the gain partially, the following bit will experience less gain. The

gain will recover partially if the bit 1 is preceded by one or more 0 bits. In effect, the

gain of each bit in an SOA depends on the bit pattern. This phenomenon becomes quite

problematic forWDM systems in which several pulse trains pass through the amplifier

simultaneously. It is possible to implement a gain-control mechanism that keeps the

amplifier gain pinned at a constant value. The basic idea is to make the SOA oscillate at

a controlled wavelength outside the range of interest (typically below 1.52 gm). Since

the gain remains clamped at the threshold value for a laser, the signal is amplified by

the same factor for all pulses.

6.2.4 System Applications

The use of SOAs as a preamplifier to the receiver is attractive since it permits mono-

lithic integration of the SOA with the receiver. As seen in Fig. 6.3(c), in this application

the signal is optically amplified before it falls on the receiver. The preamplifier boosts

the signal to such a high level that the receiver performance is limited by shot noise

rather than by thermal noise. The basic idea is similar to the case of avalanche pho-

todiodes (APDs), which amplify the signal in the electrical domain. However, just

as APDs add additional noise (see Section 4.4.3), preamplifiers also degrade the SNR
through spontaneous-emission noise. A relatively large noise figure of SOAs (Fn = 5-

7 dB) makes them less than ideal as a preamplifier. Nonetheless, they can improve the

receiver sensitivity considerably. SOAs can also be used as power amplifiers to boost

the transmitter power. It is, however, difficult to achieve powers in excess of 10 mW
because of a relatively small value of the output saturation power (~ 5 mW).

SOAs were used as in-line amplifiers in several system experiments before 1990.

In a 1988 experiment, a signal at 1 Gb/s was transmitted over 313 km by using four
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cascaded SOAs [21 ]. SOAs have also been employed to overcome distribution losses

in the local-area network (LAN) applications. In one experiment, an SOA was used as

a dual-function device [22]. It amplified five channels, but at the same time the SOA
was used to monitor the network performance through a baseband control channel. The

100-Mb/s baseband control signal modulated the carrier density of the amplifier, which

in turn produced a corresponding electric signal that was used for monitoring.

Although SOAs can be used to amplify several channels simultaneously, they suffer

from a fundamental problem related to their relatively fast response. Ideally, the signal

in each channel should be amplified by the same amount. In practice, several nonlinear

phenomena in SOAs induce interchannel crosstalk, an undesirable feature that should

be minimized for practical lightwave systems. Two such nonlinear phenomena are

cross-gain saturation and four-wave mixing (FWM). Both of them originate from the

stimulated recombination term in Eq. (6.2.6). In the case of multichannel amplification,

the power P in this equation is replaced with

M
^ Aj exp{—i(Qjt) + c.c.

7=1

2

?
(6.2.24)

where c.c. stands for the complex conjugate, M is the number of channels, A
/

is the

amplitude, and (Oj is the carrier frequency of the jth channel. Because of the coher-

ent addition of individual channel fields, Eq. (6.2.24) contains time-dependent terms

resulting from beating of the signal in different channels, i.e.,

M MM
P= S P

7 + X Yj 2V^kZos(Qjkt + <\>j-<\)k ), (6.2.25)

7=1 7=1*A/

where Aj = yJ~Pj exp(/0y) was assumed together with = ft)/ — ft)k- When Eq.

(6.2.25) is substituted in Eq. (6.2.6), the carrier population is also found to oscillate

at the beat frequency Q/*. Since the gain and the refractive index both depend on A,

they are also modulated at the frequency Q,*; such a modulation creates gain and index

gratings, which induce interchannel crosstalk by scattering a part of the signal from one

channel to another. This phenomenon can also be viewed as FWM [16].

The origin of cross-gain saturation is also evident from Eq. (6.2.25). The first term

on the right side shows that the power P in Eq. (6.2.7) should be replaced by the total

power in all channels. Thus, the gain of a specific channel is saturated not only by

its own power but also by the power of neighboring channels, a phenomenon known

as cross-gain saturation. It is undesirable in WDM systems since the amplifier gain

changes with time depending on the bit pattern of neighboring channels. As a result, the

amplified signal appears to fluctuate more or less randomly. Such fluctuations degrade

the effective SNR at the receiver. The interchannel crosstalk occurs regardless of the

channel spacing. It can be avoided only by reducing the channel powers to low enough

values that the SOA operates in the unsaturated regime. Interchannel crosstalk induced

by FWM occurs for all WDM lightwave systems irrespective of the modulation format

used [23]—[26] . Its impact is most severe for coherent systems because of a relatively

small channel spacing [25]. FWM can occur even for widely spaced channels through

intraband nonlinearities [17] occurring at fast time scales (<1 ps).
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Figure 6.10: Schematic of a fiber-based Raman amplifier in the forward-pumping configuration.

It is clear that SOAs suffer from several drawbacks which make their use as in-line

amplifiers impractical. A few among them are polarization sensitivity, interchannel

crosstalk, and large coupling losses. The unsuitability of SOAs led to a search for

alternative amplifiers during the 1980s, and two types of fiber-based amplifiers using

the Raman effect and rare-earth dopants were developed. The following two sections

are devoted to these two types of amplifiers. It should be stressed that SOAs have found

many other applications. They can be used for wavelength conversion and can act as a

fast switch for wavelength routing in WDM networks. They are also being pursued for

metropolitan-area networks as a low-cost alternative to fiber amplifiers.

6.3 Raman Amplifiers

A fiber-based Raman amplifier uses stimulated Raman scattering (SRS) occurring in

silica fibers when an intense pump beam propagates through it [27]—[29]. The main

features of SRS have been discussed in Sections 2.6. SRS differs from stimulated emis-

sion in one fundamental aspect. Whereas in the case of stimulated emission an incident

photon stimulates emission of another identical photon without losing its energy, in the

case of SRS the incident pump photon gives up its energy to create another photon

of reduced energy at a lower frequency (inelastic scattering); the remaining energy is

absorbed by the medium in the form of molecular vibrations (optical phonons). Thus,

Raman amplifiers must be pumped optically to provide gain. Figure 6.10 shows how

a fiber can be used as a Raman amplifier. The pump and signal beams at frequencies

(Op and cos are injected into the fiber through a fiber coupler. The energy is transferred

from the pump beam to the signal beam through SRS as the two beams copropagate in-

side the fiber. The pump and signal beams counterpropagate in the backward-pumping

configuration commonly used in practice.

6.3.1 Raman Gain and Bandwidth

The Raman-gain spectrum of silica fibers is shown in Figure 2.18; its broadband nature

is a consequence of the amorphous nature of glass. The Raman-gain coefficient g r is

related to the optical gain g(z) as g = gj?Ip (z), where Ip is the pump intensity. In terms

of the pump power Pp , the gain can be written as

g{(o) = gR{(o){Pp/ap), (6.3.1)
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Figure 6.11: Raman-gain spectra (ratio gR/ap ) for standard (SMF), dispersion-shifted (DSF)

and dispersion-compensating (DCF) fibers. Normalized gain profiles are also shown. (After

Ref. [30]; ©2001 IEEE; reprinted with permission.)

where ap is the cross-sectional area of the pump beam inside the fiber. Since a p can

vary considerably for different types of fibers, the ratio gR/ap is a measure of the

Raman-gain efficiency [30]. This ratio is plotted in Fig. 6.1 1 for three different fibers.

A dispersion-compensating fiber (DCF) can be 8 times more efficient than a standard

silica fiber (SMF) because of its smaller core diameter. The frequency dependence of

the Raman gain is almost the same for the three kinds of fibers as evident from the

normalized gain spectra shown in Fig. 6.1 1. The gain peaks at a Stokes shift of about

13.2 THz. The gain bandwidth Avg is about 6 THz if we define it as the FWHM of the

dominant peak in Fig. 6.11.

The large bandwidth of fiber Raman amplifiers makes them attractive for fiber-

optic communication applications. However, a relatively large pump power is required

to realize a large amplification factor. For example, if we use Eq. (6.1.7) by assuming

operation in the unsaturated region, gL & 6.7 is required for G = 30 dB. By using

gR = 6 x 10“ 14 m/W at the gain peak at 1.55 gm and a p = 50 gm2
, the required pump

power is more than 5 W for 1-km-long fiber. The required power can be reduced for

longer fibers, but then fiber losses must be included. In the following section we discuss

the theory of Raman amplifiers including both fiber losses and pump depletion.

6.3.2 Amplifier Characteristics

It is necessary to include the effects of fiber losses because of a long fiber length re-

quired for Raman amplifiers. Variations in the pump and signal powers along the am-

plifier length can be studied by solving the two coupled equations given in Section

2.6.1. In the case of forward pumping, these equations take the form

clPs/dz = -asPs + (,gR/ap)PpPs ,
(6.3.2)

dPp/dz = -apPp - ((Op/ a>s)(gR/ap)PsPp ,
(6.3.3)

where Ots and ap represent fiber losses at the signal and pump frequencies cos and

c

o

p , respectively. The factor (Op/ cos results from different energies of pump and signal

photons and disappears if these equations are written in terms of photon numbers.
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Consider first the case of small-signal amplification for which pump depletion can

be neglected [the last term in Eq. (6.3.3)]. Substituting Pp (z) = Pp {0) exp(—apz) in Eq.

(6.3.2), the signal power at the output of an amplifier of length L is given by

PAL) = Ps {0) exp(gRP0Leff/ap - asL), (6.3.4)

where Pq = Pp (0) is the input pump power and L eff is defined as

Leff = [1 - exp(-apL)\/ap . (6.3.5)

Because of fiber losses at the pump wavelength, the effective length of the amplifier is

less than the actual length L; Leff ^ l/ap for apL 1. Since PS (L) = Ps (0) exp(—asL)

in the absence of Raman amplification, the amplifier gain is given by

Ga
PAL )

P.A0) exp(-a.sL)
= exp(g0L),

where the small-signal gain go is defined as

go = gR
8rPq

cipapL

(6.3.6)

(6.3.7)

The last relation holds for apL 1 . The amplification factor Ga becomes length in-

dependent for large values of apL. Figure 6.12 shows variations of Ga with Pq for

several values of input signal powers for a 1.3-km-long Raman amplifier operating at

1.064 gm and pumped at 1.017 jim. The amplification factor increases exponentially

with Pq initially but then starts to deviate for Pq > 1 W because of gain saturation. De-

viations become larger with an increase in P5 (0) as gain saturation sets in earlier along

the amplifier length. The solid lines in Fig. 6.12 are obtained by solving Eqs. (6.3.2)

and (6.3.3) numerically to include pump depletion.

The origin of gain saturation in Raman amplifiers is quite different from SOAs.

Since the pump supplies energy for signal amplification, it begins to deplete as the

signal power Ps increases. A decrease in the pump power Pp reduces the optical gain

as seen from Eq. (6.3.1). This reduction in gain is referred to as gain saturation. An
approximate expression for the saturated amplifier gain Gs can be obtained assuming

as = ap in Eqs. (6.3.2) and (6.3.3). The result is given by [29]

G5 =
1 Fro

r0 + Ga
(1+ro)

'

(Op PAQ)

pp {
o)

'

(6.3.8)

Figure 6.13 shows the saturation characteristics by plotting Gs/Ga as a function of

Gaco for several values of Ga- The amplifier gain is reduced by 3 dB when G^ro ~ 1.

This condition is satisfied when the power of the amplified signal becomes comparable

to the input pump power Po. In fact, Pq is a good measure of the saturation power.

Since typically Po ~ 1 W, the saturation power of fiber Raman amplifiers is much larger

than that of SOAs. As typical channel powers in a WDM system are ~1 mW, Raman
amplifiers operate in the unsaturated or linear regime, and Eq. (6.3.7) can be used in

place of Eq. (6.3.8)
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Figure 6.12: Variation of amplifier gain Go with pump power /fi in a 1.3-km-long Raman am-

plifier for three values of the input power. Solid lines show the theoretical prediction. (After

Ref. [31]; ©1981 Elsevier; reprinted with permission.)

Noise in Raman amplifiers stems from spontaneous Raman scattering. It can be

included in Eq. (6.3.2) by replacing Ps in the last term with Ps + PS

p

, where Psp =
2n SphvsAvR is the total spontaneous Raman power over the entire Raman-gain band-

width Avr. The factor of 2 accounts for the two polarization directions. The fac-

tor n sp (Q) equals [1 — exp(—hQ. s/kBT)]~
l

, where JcrT is the thermal energy at room

temperature (about 25 meV). In general, the added noise is much smaller for Raman

amplifiers because of the distributed nature of the amplification.

6.3.3 Amplifier Performance

As seen in Fig. 6.12, Raman amplifiers can provide 20-dB gain at a pump power of

about 1 W. For the optimum performance, the frequency difference between the pump
and signal beams should correspond to the peak of the Raman gain in Fig. 6. 1 1 (occur-

ring at about 13 THz). In the near-infrared region, the most practical pump source is a

diode-pumped Nd:YAG laser operating at 1.06 jim. For such a pump laser, the max-

imum gain occurs for signal wavelengths near 1.12 gm. However, the wavelengths

of most interest for fiber-optic communication systems are near 1.3 and 1.5 gm. A
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Figure 6.13: Gain-saturation characteristics of Raman amplifiers for several values of the un-

saturated amplifier gain G&.

Nd:YAG laser can still be used if a higher-order Stokes line, generated through cas-

caded SRS, is used as a pump. For instance, the third-order Stokes line at 1.24 fim can

act as a pump for amplifying the 1.3-jum signal. Amplifier gains of up to 20 dB were

measured in 1984 with this technique [32]. An early application of Raman amplifiers

was as a preamplifier for improving the receiver sensitivity [33].

The broad bandwidth of Raman amplifiers is useful for amplifying several channels

simultaneously. As early as 1988 [34], signals from three DFB semiconductor lasers

operating in the range 1.57-1.58 gm were amplified simultaneously using a 1.47-jum

pump. This experiment used a semiconductor laser as a pump source. An amplifier gain

of 5 dB was realized at a pump power of only 60 mW. In another interesting experi-

ment [35], a Raman amplifier was pumped by a 1.55-jum semiconductor laser whose

output was amplified using an erbium-doped fiber amplifier. The 140-ns pump pulses

had 1.4 W peak power at the 1-kHz repetition rate and were capable of amplifying

1.66-jUm signal pulses by more than 23 dB through SRS in a 20-km-long dispersion-

shifted fiber. The 200 mW peak power of 1.66-jUm pulses was large enough for their

use for optical time-domain reflection measurements commonly used for supervising

and maintaining fiber-optic networks [36].

The use of Raman amplifiers in the 1.3-/im spectral region has also attracted atten-

tion [37]—[40]. However, a 1 .24-/1m pump laser is not readily available. Cascaded SRS
can be used to generate the 1 .24-/im pump light. In one approach, three pairs of fiber

gratings are inserted within the fiber used for Raman amplification [37]. The Bragg

wavelengths of these gratings are chosen such that they form three cavities for three

Raman lasers operating at wavelengths 1.117, 1.175, and 1.24 gm that correspond to

first-, second-, and third-order Stokes lines of the 1.06-jum pump. All three lasers are

pumped by using a diode-pumped Nd-fiber laser through cascaded SRS. The 1.24-/1m
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laser then pumps the Raman amplifier and amplifies a 1.3-jUm signal. The same idea

of cascaded SRS was used to obtain 39-dB gain at 1.3 pm by using WDM couplers in

place of fiber gratings [38]. Such 13-pm Raman amplifiers exhibit high gains with a

low noise figure (about 4 dB) and are also suitable as an optical preamplifier for high-

speed optical receivers. In a 1996 experiment, such a receiver yielded the sensitivity of

151 photons/bit at a bit rate of 10 Gb/s [39]. The 1.3-jum Raman amplifiers can also be

used to upgrade the capacity of existing fiber links from 2.5 to 10 Gb/s [40].

Raman amplifiers are called lumped or distributed depending on their design. In

the lumped case, a discrete device is made by spooling 1-2 km of a especially prepared

fiber that has been doped with Ge or phosphorus for enhancing the Raman gain. The

fiber is pumped at a wavelength near 1.45 pm for amplification of 1.55-/1m signals.

In the case of distributed Raman amplification, the same fiber that is used for signal

transmission is also used for signal amplification. The pump light is often injected in

the backward direction and provides gain over relatively long lengths (>20 km). The

main drawback in both cases from the system standpoint is that high-power lasers are

required for pumping. Early experiments often used a tunable color-center laser as a

pump; such lasers are too bulky for system applications. For this reason, Raman am-

plifiers were rarely used during the 1990s after erbium-doped fiber amplifiers became

available. The situation changed by 2000 with the availability of compact high-power

semiconductor and fiber lasers.

The phenomenon that limits the performance of distributed Raman amplifiers most

turns out to be Rayleigh scattering [41]—[45]. As discussed in Section 2.5, Rayleigh

scattering occurs in all fibers and is the fundamental loss mechanism for them. A
small part of light is always backscattered because of this phenomenon. Normally, this

Rayleigh backscattering is negligible. However, it can be amplified over long lengths

in fibers with distributed gain and affects the system performance in two ways. First,

a part of backward propagating noise appears in the forward direction, enhancing the

overall noise. Second, double Rayleigh scattering of the signal creates a crosstalk

component in the forward direction. It is this Rayleigh crosstalk, amplified by the

distributed Raman gain, that becomes the major source of power penalty. The fraction

of signal power propagating in the forward direction after double Rayleigh scattering

is the Rayleigh crosstalk. This fraction is given by [43]

/drs = rj f
'

dzi G~2
(z i) [

L

G2
(z2 ) dz2 ,

(6.3.9)
Jo Jz\

where rs ~ 10
-4 km-1

is the Rayleigh scattering coefficient and G(z) is the Raman gain

at a distance z in the backward-pumping configuration for an amplifier of length L. The

crosstalk level can exceed 1% (—20-dB crosstalk) for L > 80 km and G(L) > 10. Since

this crosstalk accumulates over multiple amplifiers, it can lead to large power penalties

for undersea lightwave systems with long lengths.

Raman amplifiers can work at any wavelength as long as the pump wavelength

is suitably chosen. This property, coupled with their wide bandwidth, makes Raman
amplifiers quite suitable for WDM systems. An undesirable feature is that the Raman
gain is somewhat polarization sensitive. In general, the gain is maximum when the

signal and pump are polarized along the same direction but is reduced when they are
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orthogonally polarized. The polarization problem can be solved by pumping a Raman
amplifier with two orthogonally polarized lasers. Another requirement for WDM sys-

tems is that the gain spectrum be relatively uniform over the entire signal bandwidth so

that all channels experience the same gain. In practice, the gain spectrum is flattened by

using several pumps at different wavelengths. Each pump creates the gain that mimics

the spectrum shown in Fig. 6.11. The superposition of several such spectra then creates

relatively flat gain over a wide spectral region. Bandwidths of more than 100 nm have

been realized using multiple pump lasers [46]—[48] .

The design of broadband Raman amplifiers suitable forWDM applications requires

consideration of several factors. The most important among them is the inclusion of

pump-pump interactions. In general, multiple pump beams are also affected by the Ra-

man gain, and some power from each short-wavelength pump is invariably transferred

to long-wavelength pumps. An appropriate model that includes pump interactions,

Rayleigh backscattering, and spontaneous Raman scattering considers each frequency

component separately and solves the following set of coupled equations [48]

:

dPf

}
V

^ = / gR{H-v)a-
l

[Pf(n) + Pb(nWf(v) + 2hvnsp(n-v)]dn
az J^i>v

- f gR(v~^)ay 1

[Pf{^)+Pb{^)}[Pf{v) + 2hvn sv(v-n)}dn,
JH<v

- a(v)Pf(v) + rsPb(v) (6.3.10)

where fi and v denote optical frequencies, n sp (Q) = [1 — exp(—HQ/ksT)] \ and the

subscripts / and b denote forward- and backward-propagating waves, respectively. In

this equation, the first and second terms account for the Raman-induced power trans-

fer into and out of each frequency band. Fiber losses and Rayleigh backscattering are

included through the third and fourth terms, respectively. The noise induced by spon-

taneous Raman scattering is included by the temperature-dependent factor in the two

integrals. A similar equation can be written for the backward-propagating waves.

To design broadband Raman amplifiers, the entire set of such equations is solved

numerically to find the channel gains, and input pump powers are adjusted until the

gain is nearly the same for all channels. Figure 6.14 shows an example of the gain

spectrum measured for a Raman amplifier made by pumping a 25-km-long dispersion-

shifted fiber with 12 diode lasers. The frequencies and power levels of the pump lasers,

required to achieve a nearly flat gain profile, are also shown. Notice that all power

levels are under 100 mW. The amplifier provides about 10.5 dB gain over an 80-

nm bandwidth with a ripple of less than 0.1 dB. Such an amplifier is suitable for

dense WDM systems covering both the C and L bands. Several experiments have used

broadband Raman amplifiers to demonstrate transmission over long distances at high

bit rates. In one 3-Tb/s experiment, 77 channels, each operating at 42.7 Gb/s, were

transmitted over 1200 km by using the C and L bands simultaneously [49].

Several other nonlinear processes can provide gain inside silica fibers. An exam-

ple is provided by the parametric gain resulting from FWM [29]. The resulting fiber

amplifier is called a parametric amplifier and can have a gain bandwidth larger than

100 nm. Parametric amplifiers require a large pump power (typically >1 W) that may
be reduced using fibers with high nonlinearities. They also generate a phase-conjugated
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Figure 6.14: Measured gain profile of a Raman amplifier with nearly flat gain over an 80-nm

bandwidth. Pump frequencies and powers used are shown on the right. (After Ref. [30]; ©2001
IEEE; reprinted with permission.)

signal that can be useful for dispersion compensation (see Section 7.7). Fiber amplifiers

can also be made using stimulated Brillouin scattering (SBS) in place of SRS [29]. The

operating mechanism behind Brillouin amplifiers is essentially the same as that for fiber

Raman amplifiers in the sense that both amplifiers are pumped backward and provide

gain through a scattering process. Despite this formal similarity, Brillouin amplifiers

are rarely used in practice because their gain bandwidth is typically below 100 MHz.
Moreover, as the Stokes shift for SBS is ~ 10 GHz, pump and signal wavelengths nearly

coincide. These features render Brillouin amplifiers unsuitable for WDM lightwave

systems although they can be exploited for other applications.

6.4 Erbium-Doped Fiber Amplifiers

An important class of fiber amplifiers makes use of rare-earth elements as a gain

medium by doping the fiber core during the manufacturing process (see Section 2.7).

Although doped-fiber amplifiers were studied as early as 1964 [50], their use became

practical only 25 years later, after the fabrication and characterization techniques were

perfected [51]. Amplifier properties such as the operating wavelength and the gain

bandwidth are determined by the dopants rather than by the silica fiber, which plays the

role of a host medium. Many different rare-earth elements, such as erbium, holmium,

neodymium, samarium, thulium, and ytterbium, can be used to realize fiber ampli-

fiers operating at different wavelengths in the range 0.5-3.5 gm. Erbium-doped fiber

amplifiers (EDFAs) have attracted the most attention because they operate in the wave-

length region near 1.55 fim [52]—[56]. Their deployment in WDM systems after 1995

revolutionized the field of fiber-optic communications and led to lightwave systems

with capacities exceeding 1 Tb/s. This section focuses on the main characteristics of

EDFAs.
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Figure 6.15: (a) Energy-level diagram of erbium ions in silica fibers; (b) absorption and gain

spectra of an EDFA whose core was codoped with germania. (After Ref. [64]; ©1991 IEEE;

reprinted with permission.)

6.4.1 Pumping Requirements

The design of an EDFA looks similar to that shown in Fig. 6.10 with the main differ-

ence that the fiber core contains erbium ions (Er3+ ). Pumping at a suitable wavelength

provides gain through population inversion. The gain spectrum depends on the pump-

ing scheme as well as on the presence of other dopants, such as germania and alumina,

within the fiber core. The amorphous nature of silica broadens the energy levels of

Er3+ into bands. Figure 6.15(a) shows a few energy levels of Er 3+
in silica glasses.

Many transitions can be used to pump an EDFA. Early experiments used the visible

radiation emitted from argon-ion, Nd:YAG, or dye lasers even though such pumping

schemes are relatively inefficient. From a practical standpoint the use of semiconductor

lasers is preferred.

Efficient EDFA pumping is possible using semiconductor lasers operating near

0.98- and 1.48-jUm wavelengths. Indeed, the development of such pump lasers was

fueled with the advent of EDFAs. It is possible to realize 30-dB gain with only 10-

15 mW of absorbed pump power. Efficiencies as high as 1 1 dB/mW were achieved by

1990 with 0.98-jlim pumping [57]. The pumping transition
4
/i 5/2

4
^
9/2

can use high-

power GaAs lasers, and the pumping efficiency of about 1 dB/mW has been obtained

at 820 nm [58]. The required pump power can be reduced by using silica fibers doped

with aluminum and phosphorus or by usingfluorophosphatefibers [59]. With the avail-

ability of visible semiconductor lasers, EDFAs can also be pumped in the wavelength

range 0.6-0.7 /im. In one experiment [60], 33-dB gain was realized at 27 mW ofpump
power obtained from an AlGalnP laser operating at 670 nm. The pumping efficiency

was as high as 3 dB/mW at low pump powers. Most EDFAs use 980-nm pump lasers

as such lasers are commercially available and can provide more than 100 mW of pump
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power. Pumping at 1480 nm requires longer fibers and higher powers because it uses

the tail of the absorption band shown in Fig. 6.15(b).

EDFAs can be designed to operate in such a way that the pump and signal beams

propagate in opposite directions, a configuration referred to as backward pumping to

distinguish it from the forward-pumping configuration shown in Fig. 6.10. The per-

formance is nearly the same in the two pumping configurations when the signal power

is small enough for the amplifier to remain unsaturated. In the saturation regime, the

power-conversion efficiency is generally better in the backward-pumping configura-

tion [61], mainly because of the important role played by the amplified spontaneous

emission (ASE). In the bidirectional pumping configuration, the amplifier is pumped

in both directions simultaneously by using two semiconductor lasers located at the two

fiber ends. This configuration requires two pump lasers but has the advantage that the

population inversion, and hence the small-signal gain, is relatively uniform along the

entire amplifier length.

6.4.2 Gain Spectrum

The gain spectrum shown in Fig. 6. 15 is the most important feature of an EDFA as it de-

termines the amplification of individual channels when aWDM signal is amplified. The

shape of the gain spectrum is affected considerably by the amorphous nature of silica

and by the presence of other codopants within the fiber core such as germania and alu-

mina [62]—[64]. The gain spectrum of erbium ions alone is homogeneously broadened;

its bandwidth is determined by the dipole relaxation time T2 in accordance with Eq.

(6.1.2). However, the spectrum is considerably broadened in the presence of randomly

located silica molecules. Structural disorders lead to inhomogeneous broadening of

the gain spectrum, whereas Stark splitting of various energy levels is responsible for

homogeneous broadening. Mathematically, the gain g(oo) in Eq. (6.1.2) should be av-

eraged over the distribution of atomic transition frequencies co 0 such that the effective

gain is given by

/

oo

g((o,(Oo)f((Oo)dcoo, (6.4.1)
-OO

where f(coo) is the distribution function whose form also depends on the presence of

other dopants within the fiber core.

Figure 6.15(b) shows the gain and absorption spectra of an EDFA whose core was

doped with germania [64]. The gain spectrum is quite broad and has a double-peak

structure. The addition of alumina to the fiber core broadens the gain spectrum even

more. Attempts have been made to isolate the contributions of homogeneous and inho-

mogeneous broadening through measurements of spectral hole burning. For germania-

doped EDFAs the contributions of homogeneous and inhomogeneous broadening are

relatively small [63]. In contrast, the gain spectrum of aluminosilicate glasses has

roughly equal contributions from homogeneous and inhomogeneous broadening mech-

anisms. The gain bandwidth of such EDFAs typically exceeds 35 nm.

The gain spectrum of EDFAs can vary from amplifier to amplifier even when core

composition is the same because it also depends on the amplifier length. The reason

is that the gain depends on both the absorption and emission cross sections having dif-

ferent spectral characteristics. The local inversion or local gain varies along the fiber
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length because of pump power variations. The total gain is obtained by integrating over

the amplifier length. This feature can be used to realize EDFAs that provide amplifica-

tion in the L band covering the spectral region 1570-1610 nm. The wavelength range

over which an EDFA can provide nearly constant gain is of primary interest for WDM
systems. This issue is discussed later in this section.

6.4.3 Simple Theory

The gain of an EDFA depends on a large number of device parameters such as erbium-

ion concentration, amplifier length, core radius, and pump power [64]—[68]. A three-

level rate-equation model commonly used for lasers [1] can be adapted for EDFAs. It

is sometimes necessary to add a fourth level to include the excited-state absorption. In

general, the resulting equations must be solved numerically.

Considerable insight can be gained by using a simple two-level model that is valid

when ASE and excited-state absorption are negligible. The model assumes that the

top level of the three-level system remains nearly empty because of a rapid transfer

of the pumped population to the excited state. It is, however, important to take into

account the different emission and absorption cross sections for the pump and signal

fields. The population densities of the two states, N\ and N2 , satisfy the following two

rate equations [55]:

dN? No
= (o“Ni - aepN2 )<$>P + (ofiVi - oe

sN2 )4>s ~ jr, (6.4.2)

dNi No
~ = (<y

e

p
N2 - <ypNi)(j)p + {ae

sN2 - o‘‘Ni)(j)s +— f (6.4.3)

where G (
- and aj are the absorption and emission cross sections at the frequency C0j

with j = p,s. Further, T\ is the spontaneous lifetime of the excited state (about 10 ms

for EDFAs). The quantities and (j)s represent the photon flux for the pump and

signal waves, defined such that = Pj/(ajhVj), where Pj is the optical power, oy is

the transition cross section at the frequency vj, and aj is the cross-sectional area of the

fiber mode for j = p,s.

The pump and signal powers vary along the amplifier length because of absorption,

stimulated emission, and spontaneous emission. If the contribution of spontaneous

emission is neglected, Ps and Pp satisfy the simple equations

r s (o-;/V2 - o?Ni )PS - aPs ,
(6.4.4)

Tp(a
e

p
N2 - o“N\)Pp - a'

P

p ,
(6.4.5)

where a and a' take into account fiber losses at the signal and pump wavelengths,

respectively. These losses can be neglected for typical amplifier lengths of 10-20 m.

However, they must be included in the case of distributed amplification discussed later.

The confinement factors Ts and Tp account for the fact that the doped region within the

core provides the gain for the entire fiber mode. The parameter s = d=l in Eq. (6.4.5)

dPs_
_

dz

dPp
S
dz
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(a) (b)

Figure 6.16: Small-signal gain as a function of (a) pump power and (b) amplifier length for

an EDFA assumed to be pumped at 1.48 [Am. (After Ref. [64]; ©1991 IEEE; reprinted with

permission.)

depending on the direction of pump propagation; s = —
1 in the case of a backward-

propagating pump.

Equations (6.4.2)-(6.4.5) can be solved analytically, in spite of their complexity,

after some justifiable approximations [65]. For lumped amplifiers, the fiber length is

short enough that both a and a' can be set to zero. Noting that N\ 4-N2 =Nt whereNt is

the total ion density, only one equation, say Eq. (6.4.2) for N2 , need be solved. Noting

again that the absorption and stimulated-emission terms in the field and population

equations are related, the steady-state solution of Eq. (6.4.2), obtained by setting the

time derivative to zero, can be written as

N2 (z)

T\ dPs sTi dPp
adhVs dz ajhVp dz

(6.4.6)

where ad = Tsas = Tpap is the cross-sectional area of the doped portion of the fiber

core. Substituting this solution into Eqs. (6.4.4) and (6.4.5) and integrating them over

the fiber length, the powers Ps and Pp at the fiber output can be obtained in an analyt-

ical form. This model has been extended to include the ASE propagation in both the

forward and backward directions [68].

The total amplifier gain G for an EDFA of length L is obtained using

G = r s exp o?Ni) dz\
,

(6.4.7)

where N
1
= Nt

—N2 and N2 is given by Eq. (6.4.6). Figure 6. 16 shows the small-signal

gain at 1.55 [Am as a function of the pump power and the amplifier length by using

typical parameter values. For a given amplifier length L, the amplifier gain initially

increases exponentially with the pump power, but the increase becomes much smaller

when the pump power exceeds a certain value [corresponding to the “knee” in Fig.

6. 16(a)] . For a given pump power, the amplifier gain becomes maximum at an optimum

value of L and drops sharply when L exceeds this optimum value. The reason is that

the latter portion of the amplifier remains unpumped and absorbs the amplified signal.
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Since the optimum value of L depends on the pump power Pp , it is necessary to

choose both L and Pp appropriately. Figure 6.16(b) shows that a 35-dB gain can be

realized at a pump power of 5 mW for L = 30 m and 1.48-/im pumping. It is possible

to design amplifiers such that high gain is obtained for amplifier lengths as short as a

few meters. The qualitative features shown in Fig. 6.16 are observed in all EDFAs; the

agreement between theory and experiment is generally quite good [67]. The saturation

characteristics ofEDFAs are similar to those shown in Figs. 6. 13 for Raman amplifiers.

In general, the output saturation power is smaller than the output pump power expected

in the absence of signal. It can vary over a wide range depending on the EDFA design,

with typical values ~10 mW. For this reason the output power levels of EDFAs are

generally limited to below 100 mW, although powers as high as 250 mW have been

obtained with a proper design [69].

The foregoing analysis assumes that both pump and signal waves are in the form

ofCW beams. In practice, EDFAs are pumped by using CW semiconductor lasers, but

the signal is in the form of a pulse train (containing a random sequence of 1 and 0 bits),

and the duration of individual pulses is inversely related to the bit rate. The question

is whether all pulses experience the same gain or not. As discussed in Section 6.2, the

gain of each pulse depends on the preceding bit pattern for SOAs because an SOA can

respond on time scales of 100 ps or so. Fortunately, the gain remains constant with time

in an EDFA for even microsecond-long pulses. The reason is related to a relatively large

value of the fluorescence time associated with the excited erbium ions (T\ ~ 10 ms).

When the time scale of signal-power variations is much shorter than T \ , erbium ions

are unable to follow such fast variations. As single-pulse energies are typically much

below the saturation energy (~10 /xJ), EDFAs respond to the average power. As a

result, gain saturation is governed by the average signal power, and amplifier gain does

not vary from pulse to pulse even for a WDM signal.

In some applications such as packet-switched networks, signal power may vary on

a time scale comparable to T\. Amplifier gain in that case is likely to become time

dependent, an undesirable feature from the standpoint of system performance. A gain-

control mechanism that keeps the amplifier gain pinned at a constant value consists

of making the EDFA oscillate at a controlled wavelength outside the range of interest

(typically below 1.5 gm). Since the gain remains clamped at the threshold value for a

laser, the signal is amplified by the same factor despite variations in the signal power.

In one implementation of this scheme, an EDFA was forced to oscillate at 1.48 gm by

fabricating two fiber Bragg gratings acting as high-reflectivity mirrors at the two ends

of the amplifier [70].

6.4.4 Amplifier Noise

Amplifier noise is the ultimate limiting factor for system applications [7 1]—[74]. For

a lumped EDFA, the impact of ASE is quantified through the noise figure Fn given by

Fn = 2/?sp . The spontaneous emission factor n sp depends on the relative populations N\

and N2 of the ground and excited states as n sp = N2KN2 — N\). Since EDFAs operate

on the basis of a three-level pumping scheme, N 1 ^ 0 and w sp > 1. Thus, the noise

figure of EDFAs is expected to be larger than the ideal value of 3 dB.
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Figure 6.17: (a) noise figure and (b) amplifier gain as a function of the length for several pump-

ing levels. (After Ref. [74]; ©1990 IEE; reprinted with permission.)

The spontaneous-emission factor can be calculated for an EDFA by using the rate-

equation model discussed earlier. However, one should take into account the fact that

both N\ and vary along the fiber length because of their dependence on the pump and

signal powers; hence n sp should be averaged along the amplifier length. As a result, the

noise figure depends both on the amplifier length L and the pump power Pp ,
just as the

amplifier gain does. Figure 6.17(a) shows the variation of Fn with the amplifier length

for several values ofPp/Pp
at when a 1.53-jum signal is amplified with an input power of

I mW. The amplifier gain under the same conditions is also shown in Fig. 6.17(b). The

results show that a noise figure close to 3 dB can be obtained for a high-gain amplifier

pumped such that Pp P*at
[71].

The experimental results confirm that Fn close to 3 dB is possible in EDFAs. A
noise figure of 3.2 dB was measured in a 30-m-long EDFA pumped at 0.98 gm with

II mW of power [72]. A similar value was found for another EDFA pumped with

only 5.8 mW of pump power at 0.98 gm [73]. In general, it is difficult to achieve

high gain, low noise, and high pumping efficiency simultaneously. The main limitation

is imposed by the ASE traveling backward toward the pump and depleting the pump
power. Incorporation of an internal isolator alleviates this problem to a large extent.

In one implementation, 51-dB gain was realized with a 3.1-dB noise figure at a pump
power of only 48 mW [75].

The measured values of Fn are generally larger for EDFAs pumped at 1.48 gm. A
noise figure of 4.1 dB was obtained for a 60-m-long EDFA when pumped at 1.48 gm
with 24 mW of pump power [72]. The reason for a larger noise figure for 1.48-gtm

pumped EDFAs can be understood from Fig. 6.17(a), which shows that the pump level

and the excited level lie within the same band for 1.48-jUm pumping. It is difficult to

achieve complete population inversion (N
i
~ 0) under such conditions. It is nonetheless

possible to realize Fn < 3.5 dB for pumping wavelengths near 1.46 gm.
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Relatively low noise levels of EDFAs make them an ideal choice for WDM light-

wave systems. In spite of low noise, the performance of long-haul fiber-optic commu-

nication systems employing multiple EDFAs is often limited by the amplifier noise.

The noise problem is particularly severe when the system operates in the anomalous-

dispersion region of the fiber because a nonlinear phenomenon known as the modu-

lation instability [29] enhances the amplifier noise [76] and degrades the signal spec-

trum [77]. Amplifier noise also introduces timing jitter. These issue are discussed later

in this chapter.

6.4.5 Multichannel Amplification

The bandwidth ofEDFAs is large enough that they have proven to be the optical ampli-

fier of choice forWDM applications. The gain provided by them is nearly polarization

insensitive. Moreover, the interchannel crosstalk that cripples SOAs because of the

carrier-density modulation occurring at the channel spacing does not occur in EDFAs.

The reason is related to the relatively large value of T\ (about 10 ms) compared with

the carrier lifetime in SOAs (< 1 ns). The sluggish response of EDFAs ensures that the

gain cannot be modulated at frequencies much larger than 10 kHz.

A second source of interchannel crosstalk is cross-gain saturation occurring be-

cause the gain of a specific channel is saturated not only by its own power (self-

saturation) but also by the power of neighboring channels. This mechanism of crosstalk

is common to all optical amplifiers including EDFAs [78]—[80]. It can be avoided by

operating the amplifier in the unsaturated regime. Experimental results support this

conclusion. In a 1989 experiment [78], negligible power penalty was observed when

an EDFA was used to amplify two channels operating at 2 Gb/s and separated by 2 nm
as long as the channel powers were low enough to avoid the gain saturation.

The main practical limitation of an EDFA stems from the spectral nonuniformity of

the amplifier gain. Even though the gain spectrum of an EDFA is relatively broad, as

seen in Fig. 6. 15, the gain is far from uniform (or flat) over a wide wavelength range. As

a result, different channels of a WDM signal are amplified by different amounts. This

problem becomes quite severe in long-haul systems employing a cascaded chain of

EDFAs. The reason is that small variations in the amplifier gain for individual channels

grow exponentially over a chain of in-line amplifiers if the gain spectrum is the same

for all amplifiers. Even a 0.2-dB gain difference grows to 20 dB over a chain of 100

in-line amplifiers, making channel powers vary by a factor of 100, an unacceptable

variation range in practice. To amplify all channels by nearly the same amount, the

double-peak nature of the EDFA gain spectrum forces one to pack all channels near

one of the gain peaks. In a simple approach, input powers of different channels were

adjusted to reduce power variations at the receiver to an acceptable level [81]. This

technique may work for a small number of channels but becomes unsuitable for dense

WDM systems.

The entire bandwidth of 35-40 nm can be used if the gain spectrum is flattened

by introducing wavelength-selective losses through an optical filter. The basic idea

behind gain flattening is quite simple. If an optical filter whose transmission losses

mimic the gain profile (high in the high-gain region and low in the low-gain region) is

inserted after the doped fiber, the output power will become constant for all channels.
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Figure 6.18: Schematic of an EDFA designed to provide uniform gain over the 1530-1570-

nm bandwidth using an optical filter containing several long-period fiber gratings. The two-

stage design helps to reduce the noise level. (After Ref. [85]; ©1997 IEEE; reprinted with

permission.)

Although fabrication of such a filter is not simple, several gain-flattening techniques

have been developed [55]. For example, thin-film interference filters, Mach-Zehnder

filters, acousto-optic filters, and long-period fiber gratings have been used for flattening

the gain profile and equalizing channel gains [82]—[84].

The gain-flattening techniques can be divided into active and passive categories.

Most filter-based methods are passive in the sense that channel gains cannot be adjusted

in a dynamic fashion. The location of the optical filter itself requires some thought

because of high losses associated with it. Placing it before the amplifier increases the

noise while placing it after the amplifier reduces the output power. Often a two-stage

configuration shown in Fig. 6.18 is used. The second stage acts as a power amplifier

while the noise figure is mostly determined by the first stage whose noise is relatively

low because of its low gain. A combination of several long-period fiber gratings acting

as the optical filter in the middle of two stages resulted by 1977 in an EDFA whose

gain was flat to within 1 dB over the 40-nm bandwidth in the wavelength range of

1530-1570 nm [85].

Ideally, an optical amplifier should provide the same gain for all channels under

all possible operating conditions. This is not the case in general. For instance, if the

number of channels being transmitted changes, the gain of each channel will change

since it depends on the total signal power because of gain saturation. The active control

of channel gains is thus desirable for WDM applications. Many techniques have been

developed for this purpose. The most commonly used technique stabilizes the gain

dynamically by incorporating within the amplifier a laser that operates outside the used

bandwidth. Such devices are called gain-clamped EDFAs (as their gain is clamped by

a built-in laser) and have been studied extensively [86]—[91].

WDM lightwave systems capable of transmitting more than 80 channels appeared

by 1998. Such systems use the C and L bands simultaneously and need uniform ampli-

fier gain over a bandwidth exceeding 60 nm. Moreover, the use of the L band requires

optical amplifiers capable of providing gain in the wavelength range 1570-1610 nm.

It turns out that EDFAs can provide gain over this wavelength range, with a suitable

design. An L-band EDFA requires long fiber lengths (>100 m) to keep the inver-

sion level relatively low. Figure 6.19 shows an L-band amplifier with a two-stage
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First Amp. Unit Second Amp. Unit

Figure 6.19: Schematic of an L-band EDFA providing uniform gain over the 1570-1610-nm

bandwidth with a two-stage design. (After Ref. [92]; ©1999 IEEE; reprinted with permission.)

design [92]. The first stage is pumped at 980 nm and acts as a traditional EDFA (fiber

length 20-30 m) capable of providing gain in the range 1530-1570 nm. In contrast, the

second stage has 200-m-long doped fiber and is pumped bidirectionally using 1480-nm

lasers. An optical isolator between the two stages passes the ASE from the first stage

to the second stage (necessary for pumping the second stage) but blocks the backward-

propagating ASE from entering the first stage. Such cascaded, two-stage amplifiers can

provide flat gain over a wide bandwidth while maintaining a relatively low noise level.

As early as 1996, flat gain to within 0.5 dB was realized over the wavelength range of

1544-1561 nm [93]. The second EDFA was codoped with ytterbium and phosphorus

and was optimized such that it acted as a power amplifier. Since then, EDFAs providing

flat gain over the entire C and L bands have been made [55]. Raman amplification can

also be used for the L band. Combining Raman amplification with one or two EDFAs,

uniform gain can be realized over a 75-nm bandwidth covering the C and L bands [94].

A parallel configuration has also been developed for EDFAs capable of amplifying

over the C and L bands simultaneously [95]. In this approach, the incoming WDM
signal is split into two branches, which amplify the C-band and L-band signals sep-

arately using an optimized EDFA in each branch. The two-arm design has produced

a relatively uniform gain of 24 dB over a bandwidth as large as 80 nm when pumped

with 980-nm semiconductor lasers while maintaining a noise figure of about 6 dB [55].

The two-arm or two-stage amplifiers are complex devices and contain multiple compo-

nents, such as optical filters and isolators, within them for optimizing the amplifier per-

formance. An alternative approach to broadband EDFAs uses a fluoride fiber in place

of silica fibers as the host medium in which erbium ions are doped. Gain flatness over

a 76-nm bandwidth has been realized by doping a tellurite fiber with erbium ions [96].

Although such EDFAs are simpler in design compared with multistage amplifiers, they

suffer from the splicing difficulties because of the use of nonsilica glasses.

Starting in 2001 , high-capacity lightwave systems began to use the short-wavelength

region—the so-called S band—extending from 1470 to 1520 nm [97]. Erbium ions

cannot provide gain in this spectral band. Thulium-doped fiber amplifiers have been

developed for this purpose, and they are capable of providing flat gain in the wave-

length range 1480-1510 nm when pumped using 1420-nm and 1560-nm semiconduc-

tor lasers [98]. Both lasers are needed to reach the
3F4 state of thulium ions. The gain

is realized on the
3F4 —>

3
transition. Raman amplification can also be used for the

S band, and such amplifiers were under development in 2001.
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6.4.6 Distributed-Gain Amplifiers

Most EDFAs provide 20-25 dB amplification over a length ~ 10 m through a relatively

high density of dopants (~500 parts per million). Since such EDFAs compensate for

losses accumulated over 80-100 km in a relatively short distance of 10-20 m, they are

referred to as the lumped amplifiers. Similar to the case of Raman amplification, fiber

losses can also be compensated through distributed amplification. In this approach,

the transmission fiber itself is lightly doped (dopant density ~50 parts per billion)

to provide the gain distributed over the entire fiber length such that it compensates for

fiber losses locally. Such an approach results in a virtually transparent fiber at a specific

wavelength when the fiber is pumped using the bidirectional pumping configuration.

The scheme is similar to that discussed in Section 6.3 for distributed Raman amplifiers,

except that the dopants provide the gain instead of the nonlinear phenomenon of SRS.

Although considerable research has been done on distributed EDFAs [99]—[106], this

scheme has not yet been used commercially as it requires special fibers.

Ideally, one would like to compensate for fiber losses in such a way that the signal

power does not change at all during propagation. Such a performance is, however,

never realized in practice as the pump power is not uniform along the fiber length

because of fiber losses at the pump wavelength. Pumping at 980 nm is ruled out because

fiber losses exceed 1 dB/km at that wavelength. The optimal pumping wavelength for

distributed EDFAs is 1.48 pm, where losses are about 0.25 dB/km. If we include pump
absorption by dopants, total pump losses typically exceed 0.4 dB/km, resulting in losses

of 10 dB for a fiber length of only 25 km. If the fiber is pumped unidirectionally by

injecting the pump beam from one end, nonuniform pumping leads to large variations

in the signal power. A bidirectional pumping configuration is therefore used in which

the fiber is pumped from both ends by using two 1 .48-jUm lasers. In general, variations

in the signal power due to nonuniform pumping can be kept small for a relatively short

fiber length of 10-15 km [99]. For practical reasons, it is important to increase the

fiber length close to 50 km or more so that the pumping stations could be spaced that

far apart. In a 1995 experiment, 11.5-ps pulses were transmitted over 93.4 km of a

distributed EDFA by injecting up to 90 mW of pump power from each end [104].

The signal power was estimated to vary by a factor of more than 10 because of the

nonuniform pumping.

The performance of distributed EDFAs depends on the signal wavelength since

both the noise figure and the pump power required to achieve transparency change

with the signal wavelength [103]. In a 1996 experiment, a 40-Gb/s retum-to-zero (RZ)

signal was transmitted over 68 km by using 7.8-ps optical pulses [105]. The ASE noise

added to the signal is expected to be smaller than lumped EDFAs as the gain is rela-

tively small all along the fiber. Computer simulations show that the use of distributed

amplification for nonreturn-to-zero (NRZ) systems has the potential of doubling the

pump-station spacing in comparison with the spacing for the lumped amplifiers [106].

For long fiber lengths, one should consider the effect of SRS in distributed EDFAs
(pumped at 1.48 pm) because the pump-signal wavelength difference lies within the

Raman-gain bandwidth, and the signal experiences not only the gain provided by the

dopants but also the gain provided by SRS. The SRS increases the net gain and reduces

the noise figure for a given amount of pump power.
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6.5 System Applications

Fiber amplifiers have become an integral part of almost all fiber-optic communica-

tion systems installed after 1995 because of their excellent amplification characteristics

such as low insertion loss, high gain, large bandwidth, low noise, and low crosstalk. In

this section we first consider the use of EDFAs as preamplifiers at the receiver end and

then focus on the design issues for long-haul systems employing a cascaded chain of

optical amplifiers.

6.5.1 Optical Preamplification

Optical amplifiers are routinely used for improving the sensitivity of optical receivers

by preamplifying the optical signal before it falls on the photodetector. Preamplifica-

tion of the optical signal makes it strong enough that thermal noise becomes negligible

compared with the noise induced by the preamplifier. As a result, the receiver sen-

sitivity can be improved by 10-20 dB using an EDFA as a preamplifier f 107]— [ 1 12]

.

In a 1990 experiment [107], only 152 photons/bit were needed for a lightwave system

operating at bit rates in the range 0.6-2. 5 Gb/s. In another experiment [1 10], a receiver

sensitivity of —37.2 dBm (147 photons/bit) was achieved at the bit rate of 10 Gb/s. It

is even possible to use two preamplifiers in series; the receiver sensitivity improved

by 18.8 dB with this technique [109]. An experiment in 1992 demonstrated a record

sensitivity of —38.8 dBm (102 photons/bit) at 10 Gb/s by using two EDFAs [111].

Sensitivity degradation was limited to below 1 .2 dB when the signal was transmitted

over 45 km of dispersion-shifted fiber.

To calculate the receiver sensitivity, we need to include all sources of current noise

at the receiver. The most important performance issue in designing optical preampli-

fiers is the contamination of the amplified signal by the ASE. Because of the incoherent

nature of spontaneous emission, the amplified signal is noisier than the input signal.

Following Sections 4.4.1 and 6.1.3, the photocurrent generated at the detector can be

written as

I = R\VGEs +Esp
\

2 + is + iT ,
(6.5.1)

where R is the photodetector responsivity, G is the amplifier gain, E s is the signal field,

ESp is the optical field associated with the ASE, and is and ij are current fluctuations

induced by the shot noise and thermal noise, respectively, within the receiver. The

average value of the current consists of

I=R(GPS + PSp ), (6.5.2)

where Ps = \ES
\

2
is the optical signal before its preamplification, and Psp is the ASE

noise power added to the signal with the magnitude

PsP = |£sp
|

2 = SSpAvSp. (6.5.3)

The spectral density Ssp is given by Eq. (6.1.15) and Av sp is the effective bandwidth

of spontaneous emission set by the amplifier bandwidth or the filter bandwidth if an

optical filter is placed after the amplifier. Notice that E sv in Eq. (6.5.1) includes only
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the component ofASE that is copolarized with the signal as the orthogonally polarized

component cannot beat with the signal.

The current noise AI consists of fluctuations originating from the shot noise, ther-

mal noise, and ASE noise. The ASE-induced current noise has its origin in the beating

of Es with Esp and the beating of 2s sp with itself. To understand this beating phe-

nomenon more clearly, notice that the ASE field E s

p

is broadband and can be written

in the form

V^sp exp (0„ i(Ont)d(On,
(6.5.4)

where (j)n is the phase of the noise-spectral component at the frequency co n ,
and the

integral extends over the entire bandwidth of the amplifier (or optical filter). Using

Es = VPs exp (<j>s — icost), the interference term in Eq. (6.5.1) consists of two parts and

leads to current fluctuations of the form

*sig— sp
= 2R 1/2 cos dcon , *sp— sp

= 2R Ssp cos 62 dcon dco'n , (6.5.5)

where 6
\ = (cos — (On )t + (j)n — (j)s and 62 = {con — co'n )t + 0' — are two rapidly varying

random phases. These two contributions to current noise are due to the beating of E s

with Esp and the beating of Esp with itself, respectively. Averaging over the random

phases, the total variance <7
2 = ((A/)

2
)
of current fluctuations can be written as [5]

2 = Of + 07 + ofig^p + a
s

2

p
„ sp , (6.5.6)

where Gj is the thermal noise and the remaining three terms are [113]

(T
2 = 2q[R(GPs + P

,p
j]A/, (6.5.7)

<-sP
= 4R2GPsSsvAf, (6.5.8)

<4— sp = 4tf
2
S
2

p
AvoptA/, (6.5.9)

where Avopt is the bandwidth of the optical filter and A/ is the electrical noise band-

width of the receiver. The shot-noise term a 2
is the same as in Section 4.4. 1 except

that Ps

p

has been added to GPS to account for the shot noise generated by spontaneous

emission.

The BER can be obtained by following the analysis of Section 4.5.1. As before, it

is given by

BER= ^erfc(0/v/

2), (6.5.10)

with the Q parameter

£ _
h-Ip _ RG(2PrQC

(Ji + cJo ch+ao
(6.5.11)

Equation (6.5.11) is obtained by assuming zero extinction ratio (To = 0) so that I\ =
RGP\ = RG(2Prec ), where Prec is the receiver sensitivity for a given value of BER

(2 = 6 for BER = 10
-9

). The RMS noise currents Ci and Go are obtained from Eqs.

(6.5.6)-(6.5.9) by setting Ps = P\ = 2

P

rec and Ps = 0, respectively.

The analysis can be simplified considerably by comparing the magnitude of various

terms in Eqs. (6.5.6). For this purpose it is useful to substitute Ssp from Eq. (6.1.15),
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use R = r\q/hv and Eq. (6.1.19), and write Eqs. (6.5.7)-(6.5.9)in terms of the amplifier

noise figure Fn as

G2 = 2q
2r\GPsAf/hv ,

(6.5.12)

°s
2
ig- sp = 2(qriG)

2FnPsAf/hv, (6.5.13)

<4-sP = {qr]GFn )

2AvovtAf, (6.5.14)

where the RPsp term was neglected in Eq. (6.5.7) as it contributes negligibly to the shot

noise. A comparison of Eqs. (6.5.12) and (6.5.13) shows that G 2 can be neglected in

comparison with G
s

2
i(T_ sp

as it is smaller by a large factor r\GFn . The thermal noise op
can also be neglected in comparison with the dominant terms. The noise currents cr

i

and Go are thus well approximated by

tfi = (ofig-sp + <4-sp)
1/2

> °° = (6.5.15)

The receiver sensitivity is obtained by substituting Eq. (6.5.15) in Eq. (6.5.11),

using Eqs. (6.5.13) and (6.5.14) with Ps = 2

P

rec , and solving for Prec . The result is

Prec = hvFnAf[Q
2 + Q(Avovt/Af)

1/2
]. (6.5.16)

The receiver sensitivity can also be written in terms of the average number of pho-

tons/bit, Np , by using Prec =NphvB. Taking A/ = P/2 as a typical value of the receiver

bandwidth, Np is given by

Np = \Fn \tf + <2(2Avopt/B)
1 /2

]. (6.5.17)

Equation (6.5.17) is a remarkably simple expression for the receiver sensitivity. It

shows clearly why amplifiers with a small noise figure must be used; the receiver sen-

sitivity degrades as Fn increases. It also shows how optical filters can improve the re-

ceiver sensitivity by reducing Avopt- Figure 6.20 shows Np as a function ofAvopt/P for

several values of the noise figure Fn by using Q = 6, a value required to achieve a BER
of 10“ 9

. The minimum optical bandwidth is equal to the bit rate to avoid blocking the

signal. The minimum value of Fn is 2 for an ideal amplifier (see Section 8.1.3). Thus,

by using Q = 6, the best receiver sensitivity from Eq. (6.5. 17) is Np = 44.5 photons/bit.

This value should be compared with Np = 10 for an ideal receiver (see Section 4.5.3)

operating in the quantum-noise limit. Of course, Np = 10 is never realized in practice

because of thermal noise; typically, Np exceeds 1000 for p-i-n receivers without opti-

cal amplifiers. The analysis of this section shows that Np < 100 can be realized when
optical amplifiers are used to preamplify the signal received despite the degradation

caused by spontaneous-emission noise. The effect of a finite laser linewidth on the

receiver sensitivity has also been included with similar conclusions [114].

Improvements in the receiver sensitivity, realized with an EDFA acting as a pream-

plifier, can be used to increase the transmission distance of point-to-point fiber links

used for intercity and interisland communications. Another EDFA acting as a power

booster is often used to increase the launched power to levels as high as 100 mW. In

a 1992 experiment, a 2.5-Gb/s signal was transmitted over 318 km by such a tech-

nique [115]. Bit rate was later increased to 5 Gb/s in an experiment [116] that used two
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Figure 6.20: Receiver sensitivity versus optical-filter bandwidth for several values of the noise

figure Fn when an optical amplifier is used for preamplification of the received signal.

EDFAs to boost the signal power from —8 to 15.5 dBm (about 35 mW). This power

level is large enough that SBS becomes a problem. SBS can be suppressed through

phase modulation of the optical carrier that broadens the carrier linewidth to 200 MHz
or more. Direct modulation of lasers also helps through frequency chirping that broad-

ens the signal spectrum. In a 1996 experiment, a 10-Gb/s signal was transmitted over

442 km using two remotely pumped in-line amplifiers [117].

6.5.2 Noise Accumulation in Long-Haul Systems

Optical amplifiers are often cascaded to overcome fiber losses in a long-haul lightwave

system. The buildup of amplifier-induced noise is the most critical factor for such

systems. There are two reasons behind it. First, in a cascaded chain of optical amplifiers

(see Fig. 5.1), the ASE accumulates over many amplifiers and degrades the optical SNR
as the number of amplifiers increases [1 18]—[121]. Second, as the level of ASE grows,

it begins to saturate optical amplifiers and reduce the gain of amplifiers located further

down the fiber link. The net result is that the signal level drops further while the ASE
level increases. Clearly, if the number of amplifiers is large, the SNR will degrade so

much at the receiver that the BER will become unacceptable. Numerical simulations

show that the system is self-regulating in the sense that the total power obtained by

adding the signal and ASE powers remains relatively constant. Figure 6.21 shows this

self-regulating behavior for a cascaded chain of 100 amplifiers with 100-km spacing

and 35-dB small-signal gain. The power launched by the transmitter is 1 mW. The

other parameters are P*ut = 8 mW, n sp = 1.3, and Goexp(— ccLa) = 3, where La is the
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Figure 6.21: Variation of the signal power Ps and the ASE power Pase along a cascaded chain of

optical amplifiers. The total power Ptot becomes nearly constant after a few amplifiers. (After

Ref. [119]; ©1991 IEEE; reprinted with permission.)

amplifier spacing. The signal and ASE powers become comparable after 10,000 km,

indicating the SNR problem at the receiver.

To estimate the SNR associated with a long-haul lightwave system, we assume

that all amplifiers are spaced apart by a constant distance La , and the amplifier gain

G = exp {ocLa) is just large enough to compensate for fiber losses in each fiber section.

The total ASE power for a chain ofNa amplifiers is then obtained by multiplying Eq.

(6.5.3) with Na and is given by

Psp = 2AfA>SSpAv0pt = 2nsvhv0NA(G- l)Avopts (6.5.18)

where the factor of 2 accounts for the unpolarized nature ofASE. We can use this equa-

tion to find the optical SNR using SNRopt = Pin/Psp . However, optical SNR is not the

quantity that determines the receiver performance. As discussed earlier, the electrical

SNR is dominated by the signal-spontaneous beat noise generated at the photodetector.

If we include only this dominant contribution, the electrical SNR is related to optical

SNR as

SNRei -
R2

^ = ^SNRopt (6.5.19)
naO%_sp

2A/

if we use Eq. (6.5.8) with G = 1 assuming no net amplification of the input signal.

We can now evaluate the impact of multiple amplifiers. Clearly, the electrical SNR
can become quite small for large values of G and Na- For a fixed system length Lj,

the number of amplifiers depends on the amplifier spacing La and can be reduced by

increasing it. However, a longer amplifier spacing will force one to increase the gain

of each amplifier since G = exp(aL©. Noting that Na = Lj/La = ocLj / InG, we find

that SNRe i
scales with G as lnG/(G — 1) and can be increased by lowering the gain of

each amplifier. In practice, the amplifier spacing La cannot be made too small because
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Amplifier Spacing (km)

Figure 6.22: Maximum ASE-limited system length for a 10-Gb/s channel as a function of am-

plifier spacing La for several values of input powers.

of cost considerations. To estimate the optimum value of La , Fig. 6.22 shows the total

system length Lj as a function of La for several values of input powers Pm assuming

that an electrical SNR of 20 dB is required for the system to function properly and

using a = 0.2 dB/km, n sp = 1.6 (noise figure 5 dB), and A/ = 10 GHz. The main

point to note is that amplifier spacing becomes smaller as the system length increases.

Typically, La is kept near 50 km for undersea systems but can be increased to 80 km or

so for terrestrial systems with link lengths under 3000 km. Although amplifier spacing

can be improved by increasing the input power Pin , in practice, the maximum power

that can be launched is limited by the onset of various nonlinear effects. We turn to this

issue next.

6.5.3 ASE-Induced Timing Jitter

The amplifier noise can also induce timing jitter in the bit stream by shifting optical

pulses from their original time slot in a random fashion. Such jitter was first studied

in 1986 in the context of solitons and is called the Gordon-Haus jitter [122]. It was

later recognized that timing jitter can occur with any transmission format [NRZ, RZ,

or chirped RZ (CRZ)] and imposes a fundamental limitation on all long-haul systems

designed with a cascaded chain of optical amplifiers [123]—[126].

The physical origin of ASE-induced jitter can be understood by noting that optical

amplifiers affect not only the amplitude but also the phase of the amplified signal as

apparent from Eq. (6.5.32) or Eq. (6.5.34). Time-dependent variations in the optical

phase lead to a change in the signal frequency by a small amount. Since the group

velocity depends on the frequency because of dispersion, the speed at which a soliton

propagates through the fiber is affected by each amplifier in a random fashion. Such
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random speed changes produce random shifts in the pulse position at the receiver and

are responsible for the timing jitter.

Timing jitter induced by the ASE noise can be calculated using the moment method.

According to this method, changes in the pulse position q and the frequency Q along

the link length are calculated using [125]

?(z)

«(*)

i

- J
t\A(z,t)\

2
dt,

dt
,

(6.5.20)

(6.5.21)

where E = \A\
2
dt represents the pulse energy.

The NLS equation can be used to find how T and W evolve along the fiber link.

Differentiating Eqs. (6.5.20) and (6.5.21) with respect to z and using Eq. (6.5.31), we
obtain [126]

XSQ^z-z,-), (6.5.22)

i

P2^+'
l̂

Sqi 8(z-Zi), (6.5.23)

i

dQ.

dz

dq

dz

where SQ, and Sqt are the random frequency and position changes imparted by noise at

the ith amplifier and the sum is over the total numberNa of amplifiers. These equations

show that frequency fluctuations induced by an amplifier become temporal fluctuations

because of GVD; no jitter occurs when p 2 = 0.

Equations (6.5.22) and (6.5.23) can be integrated in a straightforward manner. For a

cascaded chain ofNa amplifiers with spacing L^, the pulse position at the last amplifier

is given by
Na _

NA n-

1

q.f = X Sqn + PlLA X X (6.5.24)

n= 1 n= 1 i= 1

where is the average value of the GVD. Timing jitter is calculated from this equa-

tion using o

}

= (q
2

)
— (q/)

2
together with (qf) = 0. The average can be performed by

noting that fluctuations at two different amplifiers are not correlated. However, the tim-

ing jitter depends not only on the variances of position and frequency fluctuations but

also on the cross-correlation function (Sq 8Q) at the same amplifier. These quantities

depend on the pulse amplitude A (zi,t) at the amplifier location zi (see Section 9.5).

Consider a low-power lightwave system employing the CRZ format and assume

that the input pulse is in the form of a chirped Gaussian pulse. As seen in Section 2.4,

the pulse maintains its Gaussian shape on propagation such that

A(z,t) = aexp [i(f>
— iQ.(t — q )

— (1 + iC)(t— q)
2/2T2

], (6.5.25)

where the amplitude a
,
phase 0, frequency Q, position q , chirp C, and width T all are

functions of z. The variances and cross-correlation of Sqi and Q
?
at the location of the

ith amplifier are found to be [126]

((<5Q)
2

)
= (SSp/Eo)[(l+C

2)/T2
], (6.5.26)
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Figure 6.23: ASE-induced timing jitter as a function of system length for several values of the

average dispersion ft.

i{8q)
2
) = (Ssp/E0)T

2
,

{Sn8q)) = (5Sp/£o)C; , (6.5.27)

where Eq is the input pulse energy and C* and 7} are the chirp and width at z = z/. These

quantities can be calculated easily using the theory of Section 2.4. Note that the ratio

(1 -\-Cj)/T
2
is related to the spectral width that does not change if the nonlinear effects

are negligible. It can be replaced by T~2
, where Tm is the minimum width occurring

when the pulse is unchirped.

Many lightwave systems employ the postcompensation technique in which a fiber

is placed at the end of the last amplifier to reduce the net accumulated dispersion (see

Section 7.4). Using Eqs. (6.5.24)-(6.5.27), the timing jitter for a CRZ system employ-

ing postcompensation is found to be [126]

o2 = {Ssp/E0)T
2 [NA +NA {NAd + C0 + df)

2

] ,
(6.5.28)

where Co is the input chirp, d = ftLa/T and df = fafLf/T
2
for a postcompensation

fiber of length Lf and dispersion fty. Several points are noteworthy. First, if post-

compensation is not used {df = 0), the dominant term in Eq. (6.5.28) varies as N^d2
.

This is the general feature of the ASE jitter resulting from frequency fluctuations [122].

Second, if the average dispersion of the fiber link is zero, the cubic term vanishes, and

the jitter increases only linearly with Na- Third, the smallest value of the jitter occurs

when N&d 4- Co 4- df = 0. This condition corresponds to zero net dispersion over the

entire link, including the fiber used to chirp the pulse initially.

The average dispersion of the fiber link can lead to considerable timing jitter in

CRZ systems when postcompensation is not used. Figure 6.23 shows the timing jitter

as a function of the total system length Lj = NaLa for a 10-Gb/s system using four

values of ft with Tm = 30 ps, La = 50 km, Co = 0.2, and Ssv/Eq = 10
-4

. The ASE-

induced jitter becomes a significant fraction of the pulse width for values of
| ft| as

small as 0.2 ps2/km because of the cubic dependence of <7
2 on the system length Lj.

Such jitter would lead to large power penalties, as discussed in Section 4.6.3, if left
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uncontrolled. The tolerable value of the jitter can be estimated assuming the Gaussian

statistics for q so that

p(q) = (2/r<7
r

2
)

-1
/2 exp(— q

2/2o2
). (6.5.29)

The BER can be calculated following the method of Section 4.5. If we assume that

an error occurs whenever the pulse has moved out of the bit slot, we need to find the

accumulated probability for \q\ to exceed 7^/2, where Tg = l/B is the bit slot. This

probability is found to be

BER = 2 / p(q) dq = erfc
Jtb /

2

2V20,) V2ETB A 8a})'
(6.5.30)

where erfc stands for the complimentary error function defined in Eq. (4.5.5). To re-

duce the BER below 10~ 9
for ot /Tg should be less than 8% of the bit slot, resulting

in a tolerable value of the jitter of 8 ps for 10-Gb/s systems and only 2 ps for 40-Gb/s

systems. Clearly, the average dispersion of a fiber link should nearly vanish if the sys-

tem is designed not to be limited by the ASE-induced jitter. This can be accomplished

through dispersion management discussed in Chapter 7.

6.5.4 Accumulated Dispersive and Nonlinear Effects

Many single-channel experiments performed during the early 1990s demonstrated the

benefits of in-line amplifiers for increasing the transmission distance of point-to-point

fiber links [127]—[132]. These experiments showed that fiber dispersion becomes the

limiting factor in periodically amplified long-haul systems. Indeed, the experiments

were possible only because the system was operated close to the zero-dispersion wave-

length of the fiber link. Moreover, the zero-dispersion wavelength varied along the link

in such a way that the total dispersion over the entire link length was quite small at the

operating wavelength of 1.55 pm. By 1992, the total system length could be increased

to beyond 10,000 km using such dispersion-management techniques. In a 1992 exper-

iment [130], a 2.5-Gb/s signal was transmitted over 10,073 km using 199 EDFAs. An
effective transmission distance of 21,000 km at 2.5 Gb/s and of 14,300 km at 5 Gb/s

was demonstrated using a recirculating fiber loop [133].

A crude estimate of dispersion-limited Lg can be obtained if the input power is low

enough that one can neglect the nonlinear effects during signal transmission. Since

amplifiers compensate only for fiber losses, dispersion limitations discussed in Section

5.2.2 and shown in Fig. 5.4 apply for each channel of a WDM system if L is replaced

by Lj. From Eq. (5.2.3), the dispersion limit for systems making use of standard fibers

(p2 ~ —20 ps
2/km at 1.55 pm) is B 2Lj < 3000 (Gb/s)

2-km: The distance is limited to

below 30 km at 10 Gb/s for such fibers. An increase by a factor of 20 can be realized by

using dispersion-shifted fibers. To extend the distance to beyond 5000 km at 10 Gb/s,

the average GVD along the link should be smaller than = —0.1 ps2/km.

The preceding estimate is crude since it does not include the impact of the non-

linear effects. Even though power levels are relatively modest for each channel, the

nonlinear effects can become quite important because of their accumulation over long

distances [29]. Moreover, amplifier noise often forces one to increase the channel
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power to more than 1 mW in order to maintain a high SNR (or a high Q factor). The

accumulation of the nonlinear effects then limits the system length Lj [ 1 34]— [ 147]

.

For single-channel systems, the most dominant nonlinear phenomenon that limits the

system performance is self-phase modulation (SPM). An estimate of the power limita-

tion imposed by the SPM can be obtained from Eq. (2.6.15). In general, the condition

(f)nl 1 limits the total link length to Lj Lnl, where the nonlinear length is defined

as Lnl = {yP)~ l
. Typically, y 1 W Vkm, and the link length is limited to below

1000 km even for P = 1 mW.
The estimate of the SPM-limited distance is too simplistic to be accurate since it

completely ignores the role of fiber dispersion. In fact, since the dispersive and non-

linear effects act on the optical signal simultaneously, their mutual interplay becomes

quite important. As discussed in Section 5.3, it is necessary to solve the nonlinear

Schrodinger equation

dA ip2 d 2A

dz 2 dt2
= /7|A|

2A-|a (6.5.31)

numerically, while including the gain and ASE noise at the location of each ampli-

fier. Such an approach is indeed used to quantify the impact of nonlinear effects on

the performance of periodically amplified lightwave systems [134]— [ 148]. A com-

mon technique solves Eq. (6.5.31) in each fiber segment using the split-step Fourier

method [56]. At each optical amplifier, the noise is added using

Aout (t) = VGAin (t) + an (t ), (6.5.32)

where G is the amplification factor. The spontaneous-emission noise field a n added by

the amplifier vanishes on average but its second moment satisfies

{an (t)an(t'))=Ssv8{t-t'), (6.5.33)

where the noise spectral density Ssp is given by Eq. (6.1.15).

In practice, Eq. (6.5.32) is often implemented in the frequency domain as

Aout(v) = VGAin(v) + «„(v), (6.5.34)

where a tilde represents the Fourier transform. The noise a n (v) is assumed to be fre-

quency independent (white noise) over the whole amplifier bandwidth, or the filter

bandwidth if an optical filter is used after each amplifier. Mathematically, a n (v) is a

complex Gaussian random variable whose real and imaginary parts have the spectral

density 5sp/2. The system performance is quantified through the Q factor as defined in

Eq. (4.5.10) and related directly to the BER through Eq. (4.5.9).

As an example of the numerical results, the curve (a) in Fig. 6.24 shows variations

of the <2 factor with the average input power for a NRZ, single-channel lightwave

system designed to operate at 5 Gb/s over 9000 km of constant-dispersion fibers [D =
1 ps/(km-nm)] with 40-km amplifier spacing [134]. Since Q < 6 for all input powers,

such a system cannot operate reliably in the absence of in-line filters (Q > 6 is required

for a BER of < 10
-9

). An optical filter of 150-GHz bandwidth, inserted after every

amplifier, reduces the ASE for the curve (b). In the presence of optical filters, Q > 6 can

be realized only at a specific value of the average input power (about 0.5 mW). This
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Figure 6.24: Q factor as a function of the average input power for a 9000-km fiber link: (a)

5-Gb/s system; (b) improvement realized with 150-GHz optical filters; (c) 6-Gb/s operation

near the zero-dispersion wavelength; (d) 10-Gb/s system with dispersion management. (After

Ref. [134]; ©1996 IEEE; reprinted with permission.)

behavior can be understood by noting that as the input power increases, the system

performance improves initially because of a better SNR but becomes worse at high

input powers as the nonlinear effects (SPM) begins to dominate.

The role of dispersion can be minimized either by operating close to the zero-

dispersion wavelength of the fiber or by using a dispersion management technique in

which the fiber GVD alternates its sign in such a way that the average dispersion is

close to zero (see Chapter 7). In both cases, the GVD parameter /3 2 fluctuates because

of unintentional variations in the zero-dispersion wavelength of various fiber segments.

The curve (c) in Fig. 6.24 is drawn for a 6-Gb/s system for the case of a Gaussian

distribution of ($2 with a standard deviation of 0.3 ps
2/km. The filter bandwidth is

taken to be 60 GHz [134]. The curve (d) shows the dispersion-managed case for a 10-

Gb/s system with a filter bandwidth of 50 GHz. All other parameters remain the same.

Clearly, system performance can improve considerably with dispersion management,

although the input pump power needs to be optimized in each case.

6.5.5 WDM-Related Impairments

The advantages ofEDFAs forWDM systems were demonstrated as early as 1990 [149]—

[154]. In a 1993 experiment, four channels were transmitted over 1500 km using 22

cascaded amplifiers [150]. By 1996, 55 channels, spaced apart by 0.8 nm and each

operating at 20 Gb/s, were transmitted over 150 km by using two in-line amplifiers,

resulting in a total bit rate of 1.1 Tb/s and the BL product of 165 (Tb/s)-km [151].

For submarine applications, one needs to transmit a large number of channels over a

distance of more than 5000 km. Such systems employ a large number of cascaded

amplifiers and are affected most severely by the amplifier noise. Already in 1996,

transmission at 100 Gb/s (20 channels at 5 Gb/s) over a distance of 9100 km was pos-

sible using the polarization-scrambling and forward-error correction techniques [152].

By 2001, transmission at 2.4 Tb/s (120 channels at 20 Gb/s) over 6200 km has been

realized within the C band using EDFAs every 50 km [154]. The adjacent channels
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were orthogonally polarized for reducing the nonlinear effects resulting from a rela-

tively small channel spacing of 42 GHz. This technique is referred to as polarization

multiplexing and is quite useful for WDM systems.

The two major nonlinear phenomena affecting the performance ofWDM systems

are the cross-phase modulation (XPM) and four-wave mixing (FWM). FWM can be

avoided by using dispersion management such that the GVD is locally high all along

the fiber but quite small on average. The SPM and XPM then become the most limiting

factors for WDM systems. The XPM effects within an EDFA are normally negligible

because of a small length of doped fiber used. The situation changes for the L-band

amplifiers, which operate in the 1570- to 1610-nm wavelength region and require fiber

lengths in excess of 100 m. The effective core area of doped fibers used in such am-

plifiers is relatively small, resulting in larger values of the nonlinear parameter y and

enhanced XPM-induced phase shifts. As a result, the XPM can lead to considerable

power fluctuations within an L-band amplifier [ 155]— [ 160]. A new feature is that such

XPM effects are independent of the channel spacing and can occur over the entire band-

width of the amplifier [156]. The reason for this behavior is that all XPM effects occur

before pulses walk off because of group-velocity mismatch. The effects of FWM are

also enhanced in L-band amplifiers because of their long lengths [161].

Problems

6.1 The Lorentzian gain profile of an optical amplifier has a FWHM of 1 THz. Cal-

culate the amplifier bandwidths when it is operated to provide 20- and 30-dB

gain. Neglect gain saturation.

6.2 An optical amplifier can amplify a 1 -/iW signal to the 1-mW level. What is the

output power when a 1-mW signal is incident on the same amplifier? Assume

that the saturation power is 10 mW.

6.3 Explain the concept of noise figure for an optical amplifier. Why does the SNR
of the amplified signal degrade by 3 dB even for an ideal amplifier?

6.4 A 250-/im-long semiconductor laser is used as an FP amplifier by biasing it

below threshold. Calculate the amplifier bandwidth by assuming 32% reflectivity

for both facets and 30-dB peak gain. The group index n g = 4. How much does the

bandwidth change when both facets are coated to reduce the facet reflectivities

to 1%?

6.5 Complete the derivation of Eq. (6.2.3) starting from Eq. (6.2.1). What should

be the facet reflectivities to ensure traveling-wave operation of a semiconductor

optical amplifier designed to provide 20-dB gain. Assume that R \
= 2R2 .

6.6 A semiconductor optical amplifier is used to amplify two channels separated by

1 GHz. Each channel can be amplified by 30 dB in isolation. What are the

channel gains when both channels are amplified simultaneously? Assume that

Pin/Ps = 10- 3
, Tc = 0.5 ns, and J3C = 5.

6.7 Integrate Eq. (6.2.19) to obtain the time-dependent saturated gain given by Eq.

(6.2.20). Plot G( t) for a 10-ps square pulse using Go = 30 dB and Es = 10 pJ.
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6.8 Explain why semiconductor optical amplifiers impose a chirp on the pulse during

amplification. Derive an expression for the imposed chirp when a Gaussian pulse

is incident on the amplifier. Use Eq. (6.2.21) with m = 1 for the input pulse.

6.9 Discuss the origin of gain saturation in fiber Raman amplifiers. Solve Eqs. (6.3.2)

and (6.3.3) with as = ap and derive Eq. (6.3.8) for the saturated gain.

6.10 A Raman amplifier is pumped in the backward direction using 1 W of power.

Find the output power when a l-/iW signal is injected into the 5-km-long ampli-

fier. Assume losses of 0.2 and 0.25 dB/km at the signal and pump wavelengths,

respectively, A eff = 50 gm , and gR = 6 x 10 m/W. Neglect gain saturation.

6.11 Explain the gain mechanism in EDFAs. Use Eqs. (6.4.2) and (6.4.3) to derive an

expression for the small-signal gain in the steady state.

6.12 Discuss how EDFAs can be used to provide gain in the L band. How can you

use them to provide amplification over the both C and L bands?

6.13 Starting from Eq. (6.5.11), derive Eq. (6.5.16) for the sensitivity of a direct-

detection receiver when an EDFA is used as a preamplifier.

6.14 Calculate the receiver sensitivity at a BER of 10~ 9 and 10“ 12 by using Eq.

(6.5.16). Assume that the receiver operates at 1.55 gm with 3-GHz bandwidth.

The preamplifier has a noise figure of 4 dB, and a 1-nm optical filter is installed

between the preamplifier and the detector.

6.15 Calculate the optical SNR at the output end of a 4000-km lightwave system de-

signed using 50 EDFAs with 4.5-dB noise figure. Assume a fiber-cable loss of

0.25 dB/km at 1.55 gm. A 2-nm-bandwidth optical filter is inserted after every

amplifier to reduce the noise.

6.16 Find the electrical SNR for the system of the preceding problem for a receiver of

8-GHz bandwidth.

6.17 Why does ASE induce timing jitter in lightwave systems? How would you de-

sign the system to reduce the jitter?

6.18 Use the moment method to find an expression for the timing jitter for a lightwave

system employing the CRZ format.
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Chapter 7

Dispersion Management

It should be clear from Chapter 6 that with the advent of optical amplifiers, fiber losses

are no longer a major limiting factor for optical communication systems. Indeed, mod-

ern lightwave systems are often limited by the dispersive and nonlinear effects rather

than fiber losses. In some sense, optical amplifiers solve the loss problem but, at the

same time, worsen the dispersion problem since, in contrast with electronic regener-

ators, an optical amplifier does not restore the amplified signal to its original state.

As a result, dispersion-induced degradation of the transmitted signal accumulates over

multiple amplifiers. For this reason, several dispersion-management schemes were de-

veloped during the 1990s to address the dispersion problem [1]. In this chapter we
review these techniques with emphasis on the underlying physics and the improve-

ment realized in practice. In Section 7.1 we explain why dispersion management is

needed. Sections 7.2 and 7.3 are devoted to the methods used at the transmitter or re-

ceiver for managing the dispersion. In Sections 7.4-7.6 we consider the use of several

high-dispersion optical elements along the fiber link. The technique of optical phase

conjugation, also known as midspan spectral inversion, is discussed in Section 7.7.

Section 7.8 is devoted to dispersion management in long-haul systems. Section 7.9

focuses on high-capacity systems by considering broadband, tunable, and higher-order

compensation techniques. Polarization-mode dispersion (PMD) compensation is also

discussed in this section.

7.1 Need for Dispersion Management

In Section 2.4 we have discussed the limitations imposed on the system performance

by dispersion-induced pulse broadening. As shown by the dashed line in Fig. 2.13, the

group-velocity dispersion (GVD) effects can be minimized using a narrow-linewidth

laser and operating close to the zero-dispersion wavelength Azd of the fiber. How-

ever, it is not always practical to match the operating wavelength A with Azd- An
example is provided by the third-generation terrestrial systems operating near 1.55 gm
and using optical transmitters containing a distributed feedback (DFB) laser. Such

systems generally use the existing fiber-cable network installed during the 1980s and

279
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consisting of more than 50 million kilometers of the “standard” single-mode fiber with

Azd ~ 1.31 /xm. Since the dispersion parameterD « 16 ps/(km-nm) in the 1.55-/xm re-

gion of such fibers, the GVD severely limits the performance when the bit rate exceeds

2 Gb/s (see Fig. 2.13). For a directly modulated DFB laser, we can use Eq. (2.4.26) for

estimating the maximum transmission distance so that

L<(4B\D\sx)-\ (7.1.1)

where is the root-mean-square (RMS) width of the pulse spectrum broadened con-

siderably by frequency chirping (see Section 3.5.3). Using D = 16 ps/(km-nm) and

s

x

= 0.15 nm in Eq. (7.1.1), lightwave systems operating at 2.5 Gb/s are limited to

L « 42 km. Indeed, such systems use electronic regenerators, spaced apart by about 40

km, and cannot benefit from the availability of optical amplifiers. Furthermore, their

bit rate cannot be increased beyond 2.5 Gb/s because the regenerator spacing becomes

too small to be feasible economically.

System performance can be improved considerably by using an external modulator

and thus avoiding spectral broadening induced by frequency chirping. This option has

become practical with the commercialization of transmitters containing DFB lasers

with a monolithically integrated modulator. The = 0 line in Fig. 2.13 provides the

dispersion limit when such transmitters are used with the standard fibers. The limiting

transmission distance is then obtained from Eq. (2.4.31) and is given by

L<(16|/32 |5
2r 1

,
(7.1.2)

where ft is the GVD coefficient related to D by Eq. (2.3.5). If we use a typical value

ft = —20 ps2/km at 1.55 gm, L < 500 km at 2.5 Gb/s. Although improved consid-

erably compared with the case of directly modulated DFB lasers, this dispersion limit

becomes of concern when in-line amplifiers are used for loss compensation. Moreover,

if the bit rate is increased to 10 Gb/s, the GVD-limited transmission distance drops to

30 km, a value so low that optical amplifiers cannot be used in designing such light-

wave systems. It is evident from Eq. (7.1.2) that the relatively large GVD of standard

single-mode fibers severely limits the performance of 1 .55-gm systems designed to use

the existing telecommunication network at a bit rate of 10 Gb/s or more.

A dispersion-management scheme attempts to solve this practical problem. The

basic idea behind all such schemes is quite simple and can be understood by using the

pulse-propagation equation derived in Section 2.4.1 and written as

dA /ft <9
2A ft d 3A

dz 2 dt2 6 dt3
(7.1.3)

where A is the pulse-envelope amplitude. The effects of third-order dispersion are

included by the ft term. In practice, this term can be neglected when |ft| exceeds

0.1 ps
2/km. Equation (7.1.3) has been solved in Section 2.4.2, and the solution is given

by Eq. (2.4.15). In the specific case of ft = 0 the solution becomes

A(z,0
1 r°° „— J

A(0, m)exp dco
,

(7.1.4)
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where A(0, co) is the Fourier transform of A(0, t).

Dispersion-induced degradation of the optical signal is caused by the phase factor

exp(/j32ZC0
2
/2), acquired by spectral components of the pulse during its propagation in

the fiber. All dispersion-management schemes attempt to cancel this phase factor so

that the input signal can be restored. Actual implementation can be carried out at the

transmitter, at the receiver, or along the fiber link. In the following sections we consider

the three cases separately.

7.2 Precompensation Schemes

This approach to dispersion management modifies the characteristics of input pulses at

the transmitter before they are launched into the fiber link. The underlying idea can be

understood from Eq. (7.1.4). It consists of changing the spectral amplitude A(0, co

)

of

the input pulse in such a way that GVD-induced degradation is eliminated, or at least

reduced substantially. Clearly, if the spectral amplitude is changed as

A(0,co) —> A(0, a>) exp(—ico
2
p2L/2), (7.2.1)

where L is the fiber length, GVD will be compensated exactly, and the pulse will retain

its shape at the fiber output. Unfortunately, it is not easy to implement Eq. (7.2.1)

in practice. In a simple approach, the input pulse is chirped suitably to minimize the

GVD-induced pulse broadening. Since the frequency chirp is applied at the transmitter

before propagation of the pulse, this scheme is called the prechirp technique.

7.2.1 Prechirp Technique

A simple way to understand the role of prechirping is based on the theory presented in

Section 2.4 where propagation of chirped Gaussian pulses in optical fibers is discussed.

The input amplitude is taken to be

A(0,r) = Aoexp (7.2.2)

where C is the chirp parameter. As seen in Fig. 2. 12, for values of C such that P 2C < 0,

the input pulse initially compresses in a dispersive fiber. Thus, a suitably chirped pulse

can propagate over longer distances before it broadens outside its allocated bit slot.

As a rough estimate of the improvement, consider the case in which pulse broadening

by a factor of up to \fl is acceptable. By using Eq. (2.4.17) with 77 /7o = V2, the

transmission distance is given by

. C+V1 + 2C2
,L

1+C2
L°

’

(7.2.3)

where Lo = / 1/?2
1

is the dispersion length. For unchirped Gaussian pulses, C = 0

and L = Lp. However, L increases by 36% for C = 1. Note also that L < Lp for

large values of C. In fact, the maximum improvement by a factor of \fl occurs for
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Figure 7.1: Schematic of the prechirp technique used for dispersion compensation: (a) FM
output of the DFB laser; (b) pulse shape produced by external modulator; and (c) prechirped

pulse used for signal transmission. (After Ref. [9]; ©1994 IEEE; reprinted with permission.)

C = 1/Vl. These features clearly illustrate that the prechirp technique requires careful

optimization. Even though the pulse shape is rarely Gaussian in practice, the prechirp

technique can increase the transmission distance by a factor of about 2 when used

with care. As early as 1986, a super-Gaussian model [2] suitable for nonretum-to-zero

(NRZ) transmission predicted such an improvement, a feature also evident in Fig. 2.14,

which shows the results of numerical simulations for chirped super-Gaussian pulses.

The prechirp technique was considered during the 1980s in the context of directly

modulated semiconductor lasers [2]—[5]. Such lasers chirp the pulse automatically

through the carrier-induced index changes governed by the linewidth enhancement fac-

tor pc (see Section 3.5.3). Unfortunately, the chirp parameter C is negative (C = —p c)

for directly modulated semiconductor lasers. Since p 2 in the 1.55-jUm wavelength re-

gion is also negative for standard fibers, the condition P 2C < 0 is not satisfied. In

fact, as seen in Fig. 2.12, the chirp induced during direct modulation increases GVD-
induced pulse broadening, thereby reducing the transmission distance drastically. Sev-

eral schemes during the 1980s considered the possibility of shaping the current pulse

appropriately in such a way that the transmission distance improved over that realized

without current-pulse shaping [3]—[5]

.

In the case of external modulation, optical pulses are nearly chirp-free. The prechirp

technique in this case imposes a frequency chirp with a positive value of the chirp pa-

rameter C so that the condition P 2C < 0 is satisfied. Several schemes have been pro-

posed for this purpose [6]—[12]. In a simple approach shown schematically in Fig. 7.1,

the frequency of the DFB laser is first frequency modulated (FM) before the laser out-

put is passed to an external modulator for amplitude modulation (AM). The resulting

optical signal exhibits simultaneous AM and FM [9]. From a practical standpoint, FM
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of the optical carrier can be realized by modulating the current injected into the DFB
laser by a small amount (~ 1 mA). Although such a direct modulation of the DFB laser

also modulates the optical power sinusoidally, the magnitude is small enough that it

does not interfere with the detection process.

It is clear from Fig. 7.1 that FM of the optical carrier, followed by external AM,
generates a signal that consists of chirped pulses. The amount of chirp can be deter-

mined as follows. Assuming that the pulse shape is Gaussian, the optical signal can be

written as

E(0,t) = Aoexp(—

r

2/r0
2
)exp[— icoo(l + 8sincomt)t], (7.2.4)

where the carrier frequency 0)o of the pulse is modulated sinusoidally at the frequency

c

o

m with a modulation depth 5. Near the pulse center, sin(o)m£)
~ comt , and Eq. (7.2.4)

becomes

1 T iC f t

~2~\T0

where the chirp parameter C is given by

C = 28com o\)T^. (7.2.6)

Both the sign and magnitude of the chirp parameter C can be controlled by changing

the FM parameters <5 and (Om .

Phase modulation of the optical carrier also leads to a positive chirp, as can be

verified by replacing Eq. (7.2.4) with

£(0t) = Aoexp(—

r

2/r0
2)exp[— icoot + i8 cos(comt)] (12.1)

and using cosx ~ 1 — x2/2. An advantage of the phase-modulation technique is that

the external modulator itself can modulate the carrier phase. The simplest solution is

to employ an external modulator whose refractive index can be changed electronically

in such a way that it imposes a frequency chirp with C > 0 [6]. As early as 1991,

a 5-Gb/s signal was transmitted over 256 km [7] using a LiNb03 modulator such that

values ofC were in the range 0.6-0. 8. These experimental values are in agreement with

the Gaussian-pulse theory on which Eq. (7.2.3) is based. Other types of semiconduc-

tor modulators, such as an electroabsorption modulator [8] or a Mach-Zehnder (MZ)

modulator [10], can also chirp the optical pulse with C > 0, and have indeed been used

to demonstrate transmission beyond the dispersion limit [11]. With the development

of DFB lasers containing a monolithically integrated electroabsorption modulator, the

implementation of the prechirp technique has become quite practical. In a 1996 exper-

iment, a 10-Gb/s NRZ signal was transmitted over 100 km of standard fiber using such

a transmitter [12].

7.2.2 Novel Coding Techniques

Simultaneous AM and FM of the optical signal is not essential for dispersion compen-

sation. In a different approach, referred to as dispersion-supported transmission , the

frequency-shift keying (FSK) format is used for signal transmission [13]—[17]. The

FSK signal is generated by switching the laser wavelength by a constant amount AA

exp(— icoot). (7.2.5)
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Figure 7.2: Dispersion compensation using FSK coding: (a) Optical frequency and power of the

transmitted signal; (b) frequency and power of the received signal and the electrically decoded

data. (After Ref. [13]; ©1994 IEEE; reprinted with permission.)

between 1 and 0 bits while leaving the power unchanged (see Chapter 10). During

propagation inside the fiber, the two wavelengths travel at slightly different speeds.

The time delay between the 1 and 0 bits is determined by the wavelength shift AA and

is given by AT = DLAA, as shown in Eq. (2.3.4). The wavelength shift AA is chosen

such that AT = l/B. Figure 7.2 shows schematically how the one-bit delay produces

a three-level optical signal at the receiver. In essence, because of fiber dispersion, the

FSK signal is converted into a signal whose amplitude is modulated. The signal can be

decoded at the receiver by using an electrical integrator in combination with a decision

circuit [13].

Several transmission experiments have shown the usefulness of the dispersion-

supported transmission scheme [ 13]—[15]. All of these experiments were concerned

with increasing the transmission distance of a 1.55-/1m lightwave system operating at

10 Gb/s or more over the standard fibers. In 1994, transmission of a 10-Gb/s signal

over 253 km of standard fiber was realized [13]. By 1998, in a 40-Gb/s field trial,

the signal was transmitted over 86 km of standard fiber [15]. These values should be

compared with the prediction of Eq. (7.1.2). Clearly, the transmission distance can be

improved by a large factor by using the FSK technique when the system is properly

designed [17].

Another approach for increasing the transmission distance consists of transmitting

an optical signal whose bandwidth at a given bit rate is smaller compared with that of

the standard on-off coding technique. One scheme makes use of the duobinary coding ,

which can reduce the signal bandwidth by 50% [18]. In the simplest duobinary scheme,

the two successive bits in the digital bit stream are summed, forming a three-level

duobinary code at half the bit rate. Since the GVD-induced degradation depends on the

signal bandwidth, the transmission distance should improve for a reduced-bandwidth

signal. This is indeed found to be the case experimentally [ 19]—[24].

In a 1994 experiment designed to compare the binary and duobinary schemes, a
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Figure 7.3: Streak-camera traces of the 16-Gb/s signal transmitted over 70 km of standard fiber

(a) with and (b) without SOA-induced chirp. Bottom trace shows the background level in each

case. (After Ref. [26]; ©1989 IEE; reprinted with permission.)

10-Gb/s signal could be transmitted over distances 30 to 40 km longer by replacing

binary coding with duobinary coding [19]. The duobinary scheme can be combined

with the prechirping technique. Indeed, transmission of a 10-Gb/s signal over 160 km
of a standard fiber has been realized by combining duobinary coding with an external

modulator capable of producing a frequency chirp with C > 0 [19]. Since chirping in-

creases the signal bandwidth, it is hard to understand why it would help. It appears that

phase reversals occurring in practice when a duobinary signal is generated are primarily

responsible for improvement realized with duobinary coding [20] . A new dispersion-

management scheme, called the phase-shaped, binary transmission, has been proposed

to take advantage of phase reversals [21]. The use of duobinary transmission increases

signal-to-noise requirements and requires decoding at the receiver. Despite these short-

comings, it is useful for upgrading the existing terrestrial lightwave systems to bit rates

of 1 0 Gb/s and more [22]-[24]

.

7.2.3 Nonlinear Prechirp Techniques

A simple nonlinear prechirp technique, demonstrated in 1989, amplifies the trans-

mitter output using a semiconductor optical amplifier (SOA) operating in the gain-

saturation regime [25]-[29]. As discussed in Section 6.2.4, gain saturation leads to

time-dependent variations in the carrier density, which, in turn, chirp the amplified

pulse through carrier-induced variations in the refractive index. The amount of chirp

is given by Eq. (6.2.23) and depends on the input pulse shape. As seen in Fig. 6.8, the

chirp is nearly linear over most of the pulse. The SOA not only amplifies the pulse

but also chirps it such that the chirp parameter C > 0. Because of this chirp, the input

pulse can be compressed in a fiber with (52 < 0. Such a compression was observed in

an experiment in which 40-ps input pulses were compressed to 23 ps when they were

propagated over 1 8 km of standard fiber [25]

.

The potential of this technique for dispersion compensation was demonstrated in

a 1989 experiment by transmitting a 16-Gb/s signal, obtained from a mode-locked
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external-cavity semiconductor laser, over 70 km of fiber [26]. Figure 7.3 compares the

streak-camera traces of the signal obtained with and without dispersion compensation.

From Eq. (7.1.2), in the absence of amplifier-induced chirp, the transmission distance

at 16 Gb/s is limited by GVD to about 14 km for a fiber with D = 15 ps/(km-nm). The

use of the amplifier in the gain-saturation regime increased the transmission distance

fivefold, a feature that makes this approach to dispersion compensation quite attractive.

It has an added benefit that it can compensate for the coupling and insertion losses that

invariably occur in a transmitter by amplifying the signal before it is launched into the

optical fiber. Moreover, this technique can be used for simultaneous compensation of

fiber losses and GVD if SOAs are used as in-line amplifiers [29].

A nonlinear medium can also be used to prechirp the pulse. As discussed in Section

2.6, the intensity-dependent refractive index chirps an optical pulse through the phe-

nomenon of self-phase modulation (SPM). Thus, a simple prechirp technique consists

of passing the transmitter output through a fiber of suitable length before launching it

into the fiber link. Using Eq. (2.6.13), the optical signal at the fiber input is given by

A(0,f) = \JP(t)exp[iyLmP(t)], (7.2.8)

where P(t) is the power of the pulse, Lm is the length of the nonlinear medium, and y is

the nonlinear parameter. In the case of Gaussian pulses for which P{t) = Po^xp(— t
2/Tq),

the chirp is nearly linear, and Eq. (7.2.8) can be approximated by

1 4- iC f t

A(0,t) « v^ex

p

exp(-iyLmP0 ), (7.2.9)

where the chirp parameter is given by C = 2yLmPo* For 7 > 0, the chirp parameter C is

positive, and is thus suitable for dispersion compensation.

Since y > 0 for silica fibers, the transmission fiber itself can be used for chirping the

pulse. This approach was suggested in a 1986 study [30]. It takes advantage of higher-

order solitons which pass through a stage of initial compression (see Chapter 9) . Figure

7.4 shows the GVD-limited transmission distance as a function of the average launch

power for 4- and 8-Gb/s lightwave systems. It indicates the possibility of doubling

the transmission distance by optimizing the average power of the input signal to about

3 mW.

7.3 Postcompensation Techniques

Electronic techniques can be used for compensation of GVD within the receiver. The

philosophy behind this approach is that even though the optical signal has been de-

graded by GVD, one may be able to equalize the effects of dispersion electronically

if the fiber acts as a linear system. It is relatively easy to compensate for dispersion

if a heterodyne receiver is used for signal detection (see Section 10.1). A heterodyne

receiver first converts the optical signal into a microwave signal at the intermediate fre-

quency coif while preserving both the amplitude and phase information. A microwave

bandpass filter whose impulse response is governed by the transfer function

H(co) = exp[-/'(co- colF )

2
p2L/2], (7.3.1)
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Figure 7.4: Dispersion-limited transmission distance as a function of launch power for Gaus-

sian (m = 1) and super-Gaussian (m = 3) pulses at bit rates of 4 and 8 Gb/s. Horizontal lines

correspond to the linear case. (After Ref. [30]; ©1986 IEE; reprinted with permission.)

where L is the fiber length, should restore to its original form the signal received. This

conclusion follows from the standard theory of linear systems (see Section 4.3.2) by us-

ing Eq. (7. 1 .4) with z = L. This technique is most practical for dispersion compensation

in coherent lightwave systems [31]. In a 1992 transmission experiment, a 31.5-cm-long

microstrip line was used for dispersion equalization [32]. Its use made it possible to

transmit the 8-Gb/s signal over 188 km of standard fiber having a dispersion of 18.5

ps/(km-nm). In a 1993 experiment, the technique was extended to homodyne detection

using single-sideband transmission [33], and the 6-Gb/s signal could be recovered at

the receiver after propagating over 270 km of standard fiber. Microstrip lines can be

designed to compensate for GVD acquired over fiber lengths as long as 4900 km for a

lightwave system operating at a bit rate of 2.5 Gb/s [34].

As discussed in Chapter 10, use of a coherent receiver is often not practical. An
electronic dispersion equalizer is much more practical for a direct-detection receiver. A
linear electronic circuit cannot compensate GVD in this case. The problem lies in the

fact that all phase information is lost during direct detection as a photodetector responds

to optical intensity only (see Chapter 4). As a result, no linear equalization technique

can recover a signal that has spread outside its allocated bit slot. Nevertheless, several

nonlinear equalization techniques have been developed that permit recovery of the de-

graded signal [35]—[38], In one method, the decision threshold, normally kept fixed at

the center of the eye diagram (see Section 4.3.3), is varied depending on the preced-

ing bits. In another, the decision about a given bit is made after examining the analog

waveform over a multiple-bit interval surrounding the bit in question [35]. The main

difficulty with all such techniques is that they require electronic logic circuits, which
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must operate at the bit rate and whose complexity increases exponentially with the

number of bits over which an optical pulse has spread because of GVD-induced pulse

broadening. Consequently, electronic equalization is generally limited to low bit rates

and to transmission distances of only a few dispersion lengths.

An optoelectronic equalization technique based on a transversalfilter has also been

proposed [39]. In this technique, a power splitter at the receiver splits the received

optical signal into several branches. Fiber-optic delay lines introduce variable delays

in different branches. The optical signal in each branch is converted into photocurrent

by using variable-sensitivity photodetectors, and the summed photocurrent is used by

the decision circuit. The technique can extend the transmission distance by about a

factor of 3 for a lightwave system operating at 5 Gb/s.

7.4 Dispersion-Compensating Fibers

The preceding techniques may extend the transmission distance of a dispersion-limited

system by a factor of 2 or so but are unsuitable for long-haul systems for which GVD
must be compensated along the transmission line in a periodic fashion. What one needs

for such systems is an all-optical, fiber-based, dispersion-management technique [40].

A special kind of fiber, known as the dispersion-compensating fiber (DCF), has been

developed for this purpose [41]—[44]. The use ofDCF provides an all-optical technique

that is capable of compensating the fiber GVD completely if the average optical power

is kept low enough that the nonlinear effects inside optical fibers are negligible. It takes

advantage of the linear nature of Eq. (7.1.3).

To understand the physics behind this dispersion-management technique, consider

the situation in which each optical pulse propagates through two fiber segments, the

second of which is the DCF. Using Eq. (7.1.4) for each fiber section consecutively, we
obtain

A(L,0
1 ~

2k y oo

A (°’ a)
)
exp -G)

2
(/fciLi +f$22L2 )

— i(Ot dco
,

(7.4.1)

where L = L\ +L2 and foj is the GVD parameter for the fiber segment of length Lj

(j
= 1, 2). If the DCF is chosen such that the co

2 phase term vanishes, the pulse will

recover its original shape at the end of DCF. The condition for perfect dispersion

compensation is thus p2 iL\ + P22L2 = 0, or

D iL 1 +D2L2 = 0. (7.4.2)

Equation (7.4.2) shows that the DCF must have normal GVD at 1.55 pm (D 2 < 0)

because D\ > 0 for standard telecommunication fibers. Moreover, its length should be

chosen to satisfy

L2 = ^(D l/D2)L l . (7.4.3)

For practical reasons, L2 should be as small as possible. This is possible only if the

DCF has a large negative value ofD2 -

Although the idea of using a DCF has been around since 1980 [40], it was only

after the advent of optical amplifiers around the 1990 that the development of DCFs
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accelerated in pace. There are two basic approaches to designing DCFs. In one ap-

proach, the DCF supports a single mode, but it is designed with a relatively small

value of the fiber parameter V given in Eq. (2.2.35). As discussed in Section 2.2.3

and seen in Fig. 2.7, the fundamental mode is weakly confined for V ~ 1. As a large

fraction of the mode propagates inside the cladding layer, where the refractive index

is smaller, the waveguide contribution to the GVD is quite different and results in val-

ues ofD- —100 ps/(km-nm). A depressed-cladding design is often used in practice

for making DCFs [41]—[44]. Unfortunately, DCFs also exhibit relatively high losses

because of increase in bending losses (a = 0.4-0.6 dB/km). The ratio \D\/a is often

used as a figure of meritM for characterizing various DCFs [41]. By 1997, DCFs with

M > 250 ps/(nm-dB) have been fabricated.

A practical solution for upgrading the terrestrial lightwave systems making use of

the existing standard fibers consists of adding a DCF module (with 6-8 km of DCF)
to optical amplifiers spaced apart by 60-80 km. The DCF compensates GVD while

the amplifier takes care of fiber losses. This scheme is quite attractive but suffers from

two problems. First, insertion losses of a DCF module typically exceed 5 dB. Insertion

losses can be compensated by increasing the amplifier gain but only at the expense of

enhanced amplified spontaneous emission (ASE) noise. Second, because of a relatively

small mode diameter of DCFs, the effective mode area is only ~20 /im 2
. As the

optical intensity is larger inside a DCF at a given input power, the nonlinear effects are

considerably enhanced [44]

.

The problems associated with a DCF can be solved to a large extent by using a two-

mode fiber designed with values of V such that the higher-order mode is near cutoff

(

V

~ 2.5). Such fibers have almost the same loss as the single-mode fiber but can

be designed such that the dispersion parameter D for the higher-order mode has large

negative values [45]—[48]. Indeed, values ofD as large as —770 ps/(km-nm) have been

measured for elliptical-core fibers [45]. A 1-km length of such a DCF can compensate

the GVD for a 40-km-long fiber link, adding relatively little to the total link loss.

The use of a two-mode DCF requires a mode-conversion device capable of con-

verting the energy from the fundamental mode to the higher-order mode supported by

the DCF. Several such all-fiber devices have been developed [49]—[5 1] . The all-fiber

nature of the mode-conversion device is important from the standpoint of compatibility

with the fiber network. Moreover, such an approach reduces the insertion loss. Addi-

tional requirements on a mode converter are that it should be polarization insensitive

and should operate over a broad bandwidth. Almost all practical mode-conversion de-

vices use a two-mode fiber with a fiber grating that provides coupling between the

two modes. The grating period A is chosen to match the mode-index difference Sn

of the two modes (A = X /Sri) and is typically ~ 100 /im. Such gratings are called

long-period fiber gratings [51]. Figure 7.5 shows schematically a two-mode DCF with

two long-period gratings. The measured dispersion characteristics of this DCF are

also shown [47]. The parameter D has a value of —420 ps/(km-nm) at 1550 nm and

changes considerably with wavelength. This is an important feature that allows for

broadband dispersion compensation [48]. In general, DCFs are designed such that \D\

increases with wavelength. The wavelength dependence of D plays an important role

for wavelength-division multiplexed (WDM) systems. This issue is discussed later in

Section 7.9.
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(a) (b)

Figure 7.5: (a) Schematic of a DCF made using a higher-order mode (HOM) fiber and two long-

period gratings (LPGs). (b) Dispersion spectrum of the DCF. (After Ref. [47]; ©2001 IEEE;

reprinted with permission.)

7.5 Optical Filters

A shortcoming of DCFs is that a relatively long length (> 5 km) is required to com-

pensate the GVD acquired over 50 km of standard fiber. This adds considerably to the

link loss, especially in the case of long-haul applications. For this reason, several other

all-optical schemes have been developed for dispersion management. Most of them

can be classified under the category of optical equalizing filters. Interferometric filters

are considered in this section while the next section is devoted to fiber gratings.

The function of optical filters is easily understood from Eq. (7. 1 .4). Since the GVD
affects the optical signal through the spectral phase exp(ip 2ZC0

2
/2), it is evident that

an optical filter whose transfer function cancels this phase will restore the signal. Un-

fortunately, no optical filter (except for an optical fiber) has a transfer function suitable

for compensating the GVD exactly. Nevertheless, several optical filters have provided

partial GVD compensation by mimicking the ideal transfer function. Consider an op-

tical filter with the transfer function H(co). If this filter is placed after a fiber of length

L, the filtered optical signal can be written using Eq. (7. 1 .4) as

A(L,f) =

[

A(0,co)//(co)exp
f

fcLco
2 - icot) dco, (7.5.1)

2k j-oo \2 )

By expanding the phase of H(co) in a Taylor series and retaining up to the quadratic

term,

H(co) = \H(co)\Qxp[i(j)(co)) « |//(m)|exp[/(0o + 0iCd + ^02CO
2
)], (7.5.2)

where (j)m = dm (j) /dco
m{m = 0,1,...) is evaluated at the optical carrier frequency too-

The constant phase 0o and the time delay 0i do not affect the pulse shape and can be

ignored. The spectral phase introduced by the fiber can be compensated by choosing an

optical filter such that 02 = — fcL. The pulse will recover perfectly only if |//(ft))| = 1

and the cubic and higher-order terms in the Taylor expansion in Eq. (7.5.2) are negli-

gible. Figure 7.6 shows schematically how such an optical filter can be combined with

optical amplifiers such that both fiber losses and GVD can be compensated simultane-

ously. Moreover, the optical filter can also reduce the amplifier noise if its bandwidth

is much smaller than the amplifier bandwidth.
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Figure 7.6: Dispersion management in a long-haul fiber link using optical filters after each

amplifier. Filters compensate for GVD and also reduce amplifier noise.

Optical filters can be made using an interferometer which, by its very nature, is

sensitive to the frequency of the input light and acts as an optical filter because of its

frequency-dependent transmission characteristics. A simple example is provided by the

Fabry-Perot (FP) interferometer encountered in Sections 3.3.2 and 6.2.1 in the context

of a laser cavity. In fact, the transmission spectrum |//fp
|

2 of a FP interferometer

can be obtained from Eq. (6.2.1) by setting G = 1 if losses per pass are negligible.

For dispersion compensation, we need the frequency dependence of the phase of the

transfer function H(co), which can be obtained by considering multiple round trips

between the two mirrors. A reflective FP interferometer, known as the Gires-Tournois

interferometer, is designed with a back mirror that is 100% reflective. Its transfer

function is given by [52]

Hfp(cd) = Ho
1 + rexp(— i(0T)

1 + rexp(/fi)!T)
(7.5.3)

where the constant Ho takes into account all losses, \r\
2

is the front-mirror reflectivity,

and T is the round-trip time within the FP cavity. Since |//pp(o))| is frequency inde-

pendent, only the spectral phase is modified by the FP filter. However, the phase 0(g)

)

of Hpp(co) is far from ideal. It is a periodic function that peaks at the FP resonances

(longitudinal-mode frequencies of Section 3.3.2). In the vicinity of each peak, a spec-

tral region exists in which the phase variation is nearly quadratic. By expanding 0(g))

in a Taylor series, 02 is given by

02 = 2T2
r(l — r)/(l + r)

3
. (7.5.4)

As an example, for a 2-cm-long FP cavity with r = 0.8, 02 ~ 2200 ps
2

. Such a filter

can compensate the GVD acquired over 110 km of standard fiber. In a 1991 experi-

ment [53], such an all-fiber device was used to transmit a 8-Gb/s signal over 130 km
of standard fiber. The relatively high insertion loss of 8 dB was compensated by using

an optical amplifier. A loss of 6 dB was due to a 3-dB fiber coupler used to separate

the reflected signal from the incident signal. This amount can be reduced to about 1 dB
using an optical circulator, a three-port device that transfers power one port to another

in a circular fashion. Even then, relatively high losses and narrow bandwidths of FP

filters limit their use in practical lightwave systems.
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Figure 7.7: (a) A planar lightwave circuit made using of a chain of Mach-Zehnder interferome-

ters; (b) unfolded view of the device. (After Ref. [56]; ©1996 IEEE; reprinted with permission.)

A Mach-Zehnder (MZ) interferometer can also act as an optical filter. An all-fiber

MZ interferometer can be constructed by connecting two 3-dB directional couplers in

series, as shown schematically in Fig. 7.7(b). The first coupler splits the input signal

into two equal parts, which acquire different phase shifts if arm lengths are different,

before they interfere at the second coupler. The signal may exit from either of the two

output ports depending on its frequency and the arm lengths. It is easy to show that the

transfer function for the bar port is given by [54]

#Mz(ffl) = 5 [l+exp(ifi)r)], (7.5.5)

where t is the extra delay in the longer arm of the MZ interferometer.

A singleMZ interferometer does not act as an optical equalizer but a cascaded chain

of several MZ interferometers forms an excellent equalizing filter [55]. Such filters

have been fabricated in the form of a planar lightwave circuit by using silica wave-

guides [56]. Figure 7.7(a) shows the device schematically. The device is 52 x 71 mm 2

in size and exhibits a chip loss of 8 dB. It consists of 12 couplers with asymmetric

arm lengths that are cascaded in series. A chromium heater is deposited on one arm

of each MZ interferometer to provide thermo-optic control of the optical phase. The

main advantage of such a device is that its dispersion-equalization characteristics can

be controlled by changing the arm lengths and the number ofMZ interferometers.

The operation of the MZ filter can be understood from the unfolded view shown in

Fig. 7.7(b). The device is designed such that the higher-frequency components prop-

agate in the longer arm of the MZ interferometers. As a result, they experience more

delay than the lower-frequency components taking the shorter route. The relative delay

introduced by such a device is just the opposite of that introduced by an optical fiber

in the anomalous-dispersion regime. The transfer function H(a>) can be obtained an-
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alytically and is used to optimize the device design and performance [57]. In a 1994

implementation [58], a planar lightwave circuit with only five MZ interferometers pro-

vided a relative delay of 836 ps/nm. Such a device is only a few centimeters long,

but it is capable of compensating for 50 km of fiber dispersion. Its main limitations

are a relatively narrow bandwidth (~ 10 GHz) and sensitivity to input polarization.

However, it acts as a programmable optical filter whose GVD as well as the operating

wavelength can be adjusted. In one device, the GVD could be varied from —1006 to

834 ps/nm [59].

7.6 Fiber Bragg Gratings

A fiber Bragg grating acts as an optical filter because of the existence of a stop band ,

the frequency region in which most of the incident light is reflected back [51]. The

stop band is centered at the Bragg wavelength = 2fiA, where A is the grating period

and h is the average mode index. The periodic nature of index variations couples the

forward- and backward-propagating waves at wavelengths close to the Bragg wave-

length and, as a result, provides frequency-dependent reflectivity to the incident signal

over a bandwidth determined by the grating strength. In essence, a fiber grating acts as

a reflection filter. Although the use of such gratings for dispersion compensation was

proposed in the 1980s [60], it was only during the 1990s that fabrication technology

advanced enough to make their use practical.

7.6.1 Uniform-Period Gratings

We first consider the simplest type of grating in which the refractive index along the

length varies periodically as n(z) = h +

n

g cos(2Kz/A), where ng is the modulation

depth (typically ~ 10
-4

). Bragg gratings are analyzed using the coupled-mode equa-

tions that describe the coupling between the forward- and backward-propagating waves

at a given frequency co and are written as [51]

dAf/dz=iSAf-\-iKAb ,
(7.6.1)

dAbjdz = —iSA/, — iKAf ,
(7.6.2)

where A f and At, are the spectral amplitudes of the two waves and

_ 2/r 2k= V K =
KngT

l
(7.6.3)

B

Here 8 is the detuning from the Bragg wavelength, k is the coupling coefficient ,
and

the confinement factor T is defined as in Eq. (2.2.50).

The coupled-mode equations can be solved analytically owing to their linear nature.

The transfer function of the grating, acting as a reflective filter, is found to be [54]

Ab(0) iKsin(qLg )

Af(0) qcos(qLg )
— iS sin(qLg )

’

H(co) = r(co) (7.6.4)
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Figure 7.8: (a) Magnitude and (b) phase of the reflectivity plotted as a function of detuning 8Lg

for a uniform fiber grating with KLg = 2 (dashed curve) or KLg = 3 (solid curve).

where q
2 = S 2 — k2 and Lg is the grating length. Figure 7.8 shows the reflectivity

\H(co)\
2 and the phase of H(co) for kLs = 2 and 3. The grating reflectivity becomes

nearly 100% within the stop band for KLg = 3. However, as the phase is nearly linear

in that region, the grating-induced dispersion exists only outside the stop band. Noting

that the propagation constant /3 = /3# =b q, where the choice of sign depends on the

sign of <5, and expanding /3 in a Taylor series as was done in Eq. (2.4.4) for fibers, the

dispersion parameters of a fiber grating are given by [54]

p sgn(<5)/c
2/vp p 3\8\k2/vI08 = _ \ j / g ng _ 1 1 ' 8 (H

ft
CN

Pl
(S2 - *2)3/2’ Ps

(8
2 ~K2

)

5/2
' u }

where vg is the group velocity of the pulse with the carrier frequency (O 0 = 2nc/Xo.

Figure 7.9 shows how /3| varies with the detuning parameter 8 for values of k in

the range 1 to 10 cm-1
. The grating-induced GVD depends on the sign of detuning <5.

The GVD is anomalous on the high-frequency or “blue” side of the stop band where

5 is positive and the carrier frequency exceeds the Bragg frequency. In contrast, GVD
becomes normal (/3| > 0) on the low-frequency or “red” side of the stop band. The

red side can be used for compensating the anomalous GVD of standard fibers. Since

j3| can exceed 1000 ps2/cm, a single 2-cm-long grating can be used for compensating

the GVD of 100-km fiber. However, the third-order dispersion of the grating, reduced

transmission, and rapid variations of |//(cfl)
|

close to the bandgap make use of uniform

fiber gratings for dispersion compensation far from being practical.

The problem can be solved by using the apodization technique in which the index

change ng is made nonuniform across the grating, resulting in z-dependent k. In prac-

tice, such an apodization occurs naturally when an ultraviolet Gaussian beam is used to

write the grating holographically [51]. For such gratings, k peaks in the center and ta-

pers down to zero at both ends. A better approach consists ofmaking a grating such that

k varies linearly over the entire length of the fiber grating. In a 1996 experiment [61],

such an 11-cm-long grating was used to compensate the GVD acquired by a 10-Gb/s
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Figure 7.9: Grating-induced GVD plotted as a function of S for several values of the coupling

coefficient K.

signal transmitted over 100 km of standard fiber. The coupling coefficient k(z) varied

smoothly from 0 to 6 cm -1
over the grating length. Figure 7.10 shows the transmis-

sion characteristics of this grating, calculated by solving the coupled-mode equations

numerically. The solid curve shows the group delay related to the phase derivative

d(j)/dco in Eq. (7.5.2). In a 0.1-nm-wide wavelength region near 1544.2 nm, the group

delay varies almost linearly at a rate of about 2000 ps/nm, indicating that the grating

can compensate for the GVD acquired over 100 km of standard fiber while providing

more than 50% transmission to the incident light. Indeed, such a grating compensated

GVD over 106 km for a 10-Gb/s signal with only a 2-dB power penalty at a bit-error

rate (BER) of 10
-9

[61]. In the absence of the grating, the penalty was infinitely large

because of the existence of a BER floor.

Tapering of the coupling coefficient along the grating length can also be used for

dispersion compensation when the signal wavelength lies within the stop band and the

grating acts as a reflection filter. Numerical solutions of the coupled-mode equations

for a uniform-period grating for which k(z) varies linearly from 0 to 12 cm -1
over

the 12-cm length show that the V-shaped group-delay profile, centered at the Bragg

wavelength, can be used for dispersion compensation if the wavelength of the incident

signal is offset from the center of the stop band such that the signal spectrum sees a

linear variation of the group delay. Such a 8.1-cm-long grating was capable of com-

pensating the GVD acquired over 257 km of standard fiber by a 10-Gb/s signal [62].

Although uniform gratings have been used for dispersion compensation [61]-[64], they

suffer from a relatively narrow stop band (typically <0.1 nm) and cannot be used at

high bit rates.
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Figure 7.10: Transmittivity (dashed curve) and time delay (solid curve) as a function of wave-

length for a uniform-pitch grating for which k(z) varies linearly from 0 to 6 cm-

1

over the 1 1 -cm

length. (After Ref. [61]; ©1996 IEE; reprinted with permission.)

7.6.2 Chirped Fiber Gratings

Chirped fiber gratings have a relatively broad stop band and were proposed for disper-

sion compensation as early as 1987 [65]. The optical period nA in a chirped grating is

not constant but changes over its length [51]. Since the Bragg wavelength (A# = 2fiA)

also varies along the grating length, different frequency components of an incident op-

tical pulse are reflected at different points, depending on where the Bragg condition is

satisfied locally. In essence, the stop band of a chirped fiber grating results from over-

lapping of many mini stop bands, each shifted as the Bragg wavelength shifts along the

grating. The resulting stop band can be as wide as a few nanometers.

It is easy to understand the operation of a chirped fiber grating from Fig. 7.11,

where the low-frequency components of a pulse are delayed more because of increasing

optical period (and the Bragg wavelength). This situation corresponds to anomalous

GVD. The same grating can provide normal GVD if it is flipped (or if the light is

incident from the right). Thus, the optical period fiA of the grating should decrease for

it to provide normal GVD. From this simple picture, the dispersion parameter Dg of

a chirped grating of length Lg can be determined by using the relation Tr = DgLgAA,

where Tr is the round-trip time inside the grating and AA is the difference in the Bragg

wavelengths at the two ends of the grating. Since Tr = 2nLg /c, the grating dispersion

is given by a remarkably simple expression,

Dg = 2h/c(AX). (7.6.6)

As an example, Dg ^ 5 x 107 ps/(km-nm) for a grating bandwidth AA = 0.2 nm. Be-

cause of such large values ofDg , a 10-cm-long chirped grating can compensate for the

GVD acquired over 300 km of standard fiber.
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Figure 7.11: Dispersion compensation by a linearly chirped fiber grating: (a) index profile n(z)

along the grating length; (b) reflection of low and high frequencies at different locations within

the grating because of variations in the Bragg wavelength.

Chirped fiber gratings have been fabricated by using several different methods [51].

It is important to note that it is the optical period hA that needs to be varied along

the grating (

z

axis), and thus chirping can be induced either by varying the physical

grating period A or by changing the effective mode index h along z. In the commonly

used dual-beam holographic technique , the fringe spacing of the interference pattern

is made nonuniform by using dissimilar curvatures for the interfering wavefronts [66],

resulting in A variations. In practice, cylindrical lenses are used in one or both arms

of the interferometer. In a double-exposure technique [67], a moving mask is used to

vary h along z during the first exposure. A uniform-period grating is then written over

the same section of the fiber by using the phase-mask technique. Many other variations

are possible. For example, chirped fiber gratings have been fabricated by tilting or

stretching the fiber, by using strain or temperature gradients, and by stitching together

multiple uniform sections.

The potential of chirped fiber gratings for dispersion compensation was demon-

strated during the 1990s in several transmission experiments [68]—[73]. In 1994, GVD
compensation over 160 km of standard fiber at 10 and 20 Gb/s was realized [69]. In

1995, a 12-cm-long chirped grating was used to compensate GVD over 270 km of fiber

at 10 Gb/s [70]. Later, the transmission distance was increased to 400 km using a 10-

cm-long apodized chirped fiber grating [71]. This is a remarkable performance by an

optical filter that is only 10 cm long. Note also from Eq. (7.1.2) that the transmission

distance is limited to only 20 km in the absence of dispersion compensation.

Figure 7.12 shows the measured reflectivity and the group delay (related to the

phase derivative d(j)/dco) as a function of the wavelength for the 10-cm-long grating

with a bandwidth AA = 0.12 nm chosen to ensure that the 10-Gb/s signal fits within

the stop band of the grating. For such a grating, the period A changes by only 0.008%

over its entire length. Perfect dispersion compensation occurs in the spectral range



298 CHAPTER 7. DISPERSIONMANAGEMENT

2500

2000

1500

1000

500

0

8

(A
Q.

>\
_n

3

<U

Q
CL)

£
I-

Figure 7.12: Measured reflectivity and time delay for a linearly chirped fiber grating with a

bandwidth of 0.12 nm. (After Ref. [73]; ©1996 IEEE; reprinted with permission.)

over which dty/dco varies linearly. The slope of the group delay (about 5000 ps/nm)

is a measure of the dispersion-compensation capability of the grating. Such a grating

can recover the 10-Gb/s signal by compensating the GVD acquired over 400 km of the

standard fiber. The chirped grating should be apodized in such a way that the coupling

coefficient peaks in the middle but vanishes at the grating ends. The apodization is

essential to remove the ripples that occur for gratings with a constant k.

It is clear from Eq. (7.6.6) that Dg of a chirped grating is ultimately limited by

the bandwidth AA over which GVD compensation is required, which in turn is deter-

mined by the bit rate B. Further increase in the transmission distance at a given bit rate

is possible only if the signal bandwidth is reduced or a prechirp technique is used at

the transmitter. In a 1996 system trial [72], prechirping of the 10-Gb/s optical signal

was combined with the two chirped fiber gratings, cascaded in series, to increase the

transmission distance to 537 km. The bandwidth-reduction technique can also be com-

bined with the grating. As discussed in Section 7.3, a duobinary coding scheme can

reduce the bandwidth by up to 50%. In a 1996 experiment, the transmission distance

of a 10-Gb/s signal was extended to 700 km by using a 10-cm-long chirped grating in

combination with a phase-alternating duobinary scheme [73]. The grating bandwidth

was reduced to 0.073 nm, too narrow for the 10-Gb/s signal but wide enough for the

reduced-bandwidth duobinary signal.

The main limitation of chirped fiber gratings is that they work as a reflection filter.

A 3-dB fiber coupler is sometimes used to separate the reflected signal from the incident

one. However, its use imposes a 6-dB loss that adds to other insertion losses. An
optical circulator can reduce insertion losses to below 2 dB and is often used in practice.

Several other techniques can be used. Two or more fiber gratings can be combined to

form a transmission filter, which provides dispersion compensation with relatively low

insertion losses [74]. A single grating can be converted into a transmission filter by

introducing a phase shift in the middle of the grating [75]. A Moire grating, formed

by superimposing two chirped gratings formed on the same piece of fiber, also has a
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Figure 7.13: Schematic illustration of dispersion compensation by two fiber-based transmission

filters: (a) chirped dual-mode coupler; (b) tapered dual-core fiber. (After Ref. [77]; ©1994
IEEE; reprinted with permission.)

transmission peak within its stop band [76]. The bandwidth of such transmission filters

is relatively small.

7.6.3 Chirped Mode Couplers

This subsection focuses on two fiber devices that can act as a transmission filter suitable

for dispersion compensation. A chirped mode coupler is an all-fiber device designed

using the concept of chirped distributed resonant coupling [77]. Figure 7.13 shows the

operation of two such devices schematically. The basic idea behind a chirped mode

coupler is quite simple [78]. Rather than coupling the forward and backward propagat-

ing waves of the same mode (as is done in a fiber grating), the chirped grating couples

the two spatial modes of a dual-mode fiber. Such a device is similar to the mode con-

verter discussed in Section 7.4 in the context of a DCF except that the grating period

is varied linearly over the fiber length. The signal is transferred from the fundamental

mode to a higher-order mode by the grating, but different frequency components travel

different lengths before being transferred because of the chirped nature of the grating

that couples the two modes. If the grating period increases along the coupler length, the

coupler can compensate for the fiber GVD. The signal remains propagating in the for-

ward direction, but ends up in a higher-order mode of the coupler. A uniform-grating

mode converter can be used to reconvert the signal back into the fundamental mode.

A variant of the same idea uses the coupling between the fundamental modes

of a dual-core fiber with dissimilar cores [79]. If the two cores are close enough,

evanescent-wave coupling between the modes leads to a transfer of energy from one

core to another, similar to the case of a directional coupler. When the spacing between

the cores is linearly tapered, such a transfer takes place at different points along the

fiber, depending on the frequency of the propagating signal. Thus, a dual-core fiber

with the linearly tapered core spacing can compensate for fiber GVD. Such a device

keeps the signal propagating in the forward direction, although it is physically trans-

ferred to the neighboring core. This scheme can also be implemented in the form of
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a compact device by using semiconductor waveguides since the supermodes of two

coupled waveguides exhibit a large amount of GVD that is also tunable [80].

7.7 Optical Phase Conjugation

Although the use of optical phase conjugation (OPC) for dispersion compensation was

proposed in 1979 [81], it was only in 1993 that the OPC technique was implemented

experimentally; it has attracted considerable attention since then [82]—[103], In con-

trast with other optical schemes discussed in this chapter, the OPC is a nonlinear optical

technique. This section describes the principle behind it and discusses its implementa-

tion in practical lightwave systems.

7.7.1 Principle of Operation

The simplest way to understand how OPC can compensate the GVD is to take the

complex conjugate of Eq. (7.1.3) and obtain

dA* //32 d
2A* fod 3A* n

dz 2 dt2 6 dt*
' ’

A comparison of Eqs. (7.1.3) and (7.7.1) shows that the phase-conjugated fieldA * prop-

agates with the sign reversed for the GVD parameter p 2 - This observation suggests im-

mediately that, if the optical field is phase-conjugated in the middle of the fiber link, the

dispersion acquired over the first half will be exactly compensated in the second-half

section of the link. Since the [3 3 term does not change sign on phase conjugation, OPC
cannot compensate for the third-order dispersion. In fact, it is easy to show, by keeping

the higher-order terms in the Taylor expansion in Eq. (2.4.4), that OPC compensates

for all even-order dispersion terms while leaving the odd-order terms unaffected.

The effectiveness of midspan OPC for dispersion compensation can also be verified

by using Eq. (7.1.4). The optical field just before OPC is obtained by using z = L/2

in this equation. The propagation of the phase-conjugated field A * in the second-half

section then yields

A*(L,t) = 2_ /
A* exp (j^PiLco

2 - icot'jdco, (7.7.2)

where A*(L/2, co) is the Fourier transform of A*(L/2,r) and is given by

A*(L/2,(o) =A*(0, — 0))exp(— (0)
2
j32L/4). (7.7.3)

By substituting Eq. (7.7.3) in Eq. (7.7.2), one finds thatA (L,/) = A *(0t). Thus, except

for a phase reversal induced by the OPC, the input field is completely recovered, and

the pulse shape is restored to its input form. Since the signal spectrum after OPC
becomes the mirror image of the input spectrum, the OPC technique is also referred to

as midspan spectral inversion.
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7.7.2 Compensation of Self-Phase Modulation

As discussed in Section 2.6, the nonlinear phenomenon of SPM leads to fiber-induced

chirping of the transmitted signal. Section 7.3 indicated that this chirp can be used to

advantage with a proper design. Optical solitons also use the SPM to their advantage

(see Chapter 9). However, in most lightwave systems, the SPM-induced nonlinear

effects degrade the signal quality, especially when the signal is propagated over long

distances using multiple optical amplifiers (see Section 6.5).

The OPC technique differs from all other dispersion-compensation schemes in one

important way: Under certain conditions, it can compensate simultaneously for both

the GVD and SPM. This feature of OPC was noted in the early 1980s [104] and has

been studied extensively after 1993 [97]. It is easy to show that both the GVD and

SPM are compensated perfectly in the absence of fiber losses. Pulse propagation in a

lossy fiber is governed by Eq. (5.3.1) or by

dA ip2 d 2A

<9z
+

2 dt2
= /7|A|

2A-|a, (7.7.4)

where the term is neglected and a accounts for the fiber losses. When a = 0,

A* satisfies the same equation when we take the complex conjugate of Eq. (7.7.4)

and change z to —z. As a result, midspan OPC can compensate for SPM and GVD
simultaneously.

Fiber losses destroy this important property of midspan OPC. The reason is intu-

itively obvious if we note that the SPM-induced phase shift is power dependent. As a

result, much larger phase shifts are induced in the first-half of the link than the second

half, and OPC cannot compensate for the nonlinear effects. Equation (7.7.4) can be

used to study the impact of fiber losses. By making the substitution

A(z,t) = B(z,t)exp(-az/2),

Eq. (7.7.4) can be written as

dB ip2 d
2B

dz
+

2 dt 2
= ij(z)\B\

2B
,

(7.7.5)

(7.7.6)

where 7(z) = 7 exp(— az). The effect of fiber losses is mathematically equivalent to

the loss-free case but with a z-dependent nonlinear parameter. By taking the complex

conjugate of Eq. (7.7.6) and changing z to —z, it is easy to see that perfect SPM com-

pensation can occur only if 7(z) = 7(L — z). This condition cannot be satisfied when

0 .

One may think that the problem can be solved by amplifying the signal after OPC
so that the signal power becomes equal to the input power before it is launched in the

second-half section of the fiber link. Although such an approach reduces the impact

of SPM, it does not lead to perfect compensation of it. The reason can be understood

by noting that propagation of a phase-conjugated signal is equivalent to propagating

a time-reversed signal ( 105]. Thus, perfect SPM compensation can occur only if the

power variations are symmetric around the midspan point where the OPC is performed
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so that y(z) = y(L — z) in Eq. (7.7.6). Optical amplification does not satisfy this prop-

erty. One can come close to SPM compensation if the signal is amplified often enough

that the power does not vary by a large amount during each amplification stage. This

approach is, however, not practical because it requires closely spaced amplifiers.

Perfect compensation of both GVD and SPM can be realized by using dispersion-

decreasing fibers for which decreases along the fiber length. To see how such a

scheme can be implemented, assume that p2 in Eq. (7.7.6) is a function of z. By

making the transformation

£ = [

Z

y[z)dz
,

(7.7.7)
Jo

Eq. (7.7.6) can be written as [97]

SB
+

/ <9
2
fi = i\B\

2B
,

(7.7.8)

where b(%) = & (£)//(£)• Both GVD and SPM are compensated if b(%) = b{^i — £),

where is the value of £ at z = L. This condition is automatically satisfied when

the dispersion decreases in exactly the same way as y(z) so that /32 (<5 )
= /(£) and

b(%) = 1. Since fiber losses make y(z) to decrease exponentially as exp(— az), both

GVD and SPM can be compensated exactly in a dispersion-decreasing fiber whose

GVD decreases as exp(— az). This approach is quite general and applies even when

in-line amplifiers are used.

7.7.3 Phase-Conjugated Signal

The implementation of the midspan OPC technique requires a nonlinear optical ele-

ment that generates the phase-conjugated signal. The most commonly used method

makes use offour-wave mixing (FWM) in a nonlinear medium. Since the optical fiber

itself is a nonlinear medium, a simple approach is to use a few-kilometer-long fiber

especially designed to maximize the FWM efficiency.

The FWM phenomenon in optical fibers has been studied extensively [106]. Its

use requires injection of a pump beam at a frequency (Op that is shifted from the sig-

nal frequency cos by a small amount (~ 0.5 THz). The fiber nonlinearity generates

the phase-conjugated signal at the frequency coc = 2cop — cos provided that the phase-

matching condition kc = 2kp — ks is approximately satisfied, where kj = n(cOj)coc/c

is the wave number for the optical field of frequency COj. The phase-matching con-

dition can be approximately satisfied if the zero-dispersion wavelength of the fiber is

chosen to coincide with the pump wavelength. This was the approach adopted in the

1993 experiments in which the potential of OPC for dispersion compensation was first

demonstrated. In one experiment [82], the 1546-nm signal was phase conjugated by

using FWM in a 23-km-long fiber with pumping at 1549 nm. The 6-Gb/s signal was

transmitted over 152 km of standard fiber in a coherent transmission experiment em-

ploying the FSK format. In another experiment [83], a 10-Gb/s signal was transmitted

over 360 km. The midspan OPC was performed in a 21-km-long fiber by using a pump
laser whose wavelength was tuned exactly to the zero-dispersion wavelength of the

fiber. The pump and signal wavelengths differed by 3.8 nm. Figure 7.14 shows the
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Figure 7.14: Experimental setup for dispersion compensation through midspan spectral inver-

sion in a 21-km-long dispersion-shifted fiber. (After Ref. [83]; ©1993 IEEE; reprinted with

permission.)

experimental setup. A bandpass filter (BPF) is used to separate the phase-conjugated

signal from the pump.

Several factors need to be considered while implementing the midspan OPC tech-

nique in practice. First, since the signal wavelength changes from co s to coc = 2cop — (Os

at the phase conjugator, the GVD parameter p2 becomes different in the second-half

section. As a result, perfect compensation occurs only if the phase conjugator is slightly

offset from the midpoint of the fiber link. The exact location L p can be determined by

using the condition ($2 {(Os)Lp = ((Oc)(L — Lp ), where L is the total link length. By
expanding ((Oc )

in a Taylor series around the signal frequency cos , Lp is found to be

LP _ P2 + Scp3
(119

L 2j32 + 5cJ33 ’

where 8C = C0c — cos is the frequency shift of the signal induced by the OPC technique.

For a typical wavelength shift of 6 nm, the phase-conjugator location changes by about

1%. The effect of residual dispersion and SPM in the phase-conjugation fiber itself can

also affect the placement of phase conjugator [94].

A second factor that needs to be addressed is that the FWM process in optical

fibers is polarization sensitive. As signal polarization is not controlled in optical fibers,

it varies at the OPC in a random fashion. Such random variations affect the FWM effi-

ciency and make the standard FWM technique unsuitable for practical purposes. For-

tunately, the FWM scheme can be modified to make it polarization insensitive. In one

approach, two orthogonally polarized pump beams at different wavelengths, located

symmetrically on the opposite sides of the zero-dispersion wavelength Azd of the fiber,

are used [85]. This scheme has another advantage: the phase-conjugate wave can be

generated at the frequency of the signal itself by choosing Azd such that it coincides
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with the signal frequency. This feature follows from the relation CO c = (Op \ + cop2 — (Qs ,

where cop \ ^ (Op2 . Polarization insensitivity of OPC can also be realized by using a

single pump in combination with a fiber grating and an orthoconjugate mirror [90],

but the device works in the reflective mode and requires the separation of the conjugate

wave from the signal by using a 3-dB coupler or an optical circulator.

The relatively low efficiency of the OPC process in optical fibers is also of some

concern. Typically, the conversion efficiency r\ c is below 1%, making it necessary

to amplify the phase-conjugated signal [83]. Effectively, the insertion loss of the

phase conjugator exceeds 20 dB. However, the FWM process is not inherently a

low-efficiency process and, in principle, it can even provide net gain [106]. Indeed,

the analysis of the FWM equations shows that rj c increases considerably by increas-

ing the pump power while decreasing the signal power; it can even exceed 100% by

optimizing the power levels and the pump-signal wavelength difference [92]. High

pump powers are often avoided because of the onset of stimulated Brillouin scatter-

ing (SBS). However, SBS can be suppressed by modulating the pump at a frequency

~ 100 MHz. In a 1994 experiment, 35% conversion efficiency was realized by using

this technique [107].

The FWM process in a semiconductor optical amplifier (SOA) has also been used

to generate the phase-conjugated signal for dispersion compensation. This approach

was first used in a 1993 experiment to demonstrate transmission of a 2.5-Gb/s signal,

obtained through direct modulation of a semiconductor laser, over 100 km of standard

fiber [84]. Eater, in a 1995 experiment the same approach was used for transmitting

a 40-Gb/s signal over 200 km of standard fiber [93]. The possibility of highly nonde-

generate FWM inside SOAs was suggested in 1987, and this technique is used exten-

sively in the context of wavelength conversion [108]. Its main advantage is that the

phase-conjugated signal can be generated in a device of 1-mm length. The conver-

sion efficiency is also typically higher than that ofFWM in an optical fiber because of

amplification, although this advantage is offset by the relatively large coupling losses

resulting from the need to couple the signal back into the fiber. By a proper choice of

the pump-signal detuning, conversion efficiencies of more than 100% (net gain for the

phase-conjugated signal) have been realized for FWM in SOAs [109].

A periodically poled LiNbOs waveguide has also been used to make a wideband

spectral inverter [102] . The phase-conjugated signal is generated using cascaded second-

order nonlinear processes, which are quasi-phase-matched through periodic poling of

the crystal. Such an OPC device exhibited only 7-dB insertion losses and was capable

of compensating dispersion of four 10-Gb/s channels simultaneously over 150 km of

standard fiber. The system potential of the OPC technique was demonstrated in a 1999

field trial in which a FWM-based phase conjugator was used to compensate the GVD
of a 40-Gb/s signal over 140 km of standard fiber [100]. In the absence of OPC, the

40-Gb/s signal cannot be transmitted over more than 7 km as deduced from Eq. (7. 1 .2).

Most of the experimental work on dispersion compensation has considered trans-

mission distances of several hundred kilometers. For long-haul applications, one may
ask whether the OPC technique can compensate the GVD acquired over thousands of

kilometers in fiber links which use amplifiers periodically for loss compensation. This

question has been studied mainly through numerical simulations. In one set of simu-

lations, a 10-Gb/s signal could be transmitted over 6000 km when the average launch



7.8. LONG-HAUL LIGHTWAVE SYSTEMS 305

power was kept below 3 mW to reduce the effects of fiber nonlinearity [95]. In an-

other study, the amplifier spacing was found to play an important role; transmission

over 9000 km was feasible by keeping the amplifiers 40 km apart [98]. The choice of

the operating wavelength with respect to the zero-dispersion wavelength was also crit-

ical. In the anomalous-dispersion region (p 2 < 0), the periodic variation of the signal

power along the fiber link can lead to the generation of additional sidebands through the

phenomenon of modulation instability [110]. This instability can be avoided if the dis-

persion parameter is relatively large [D > 10 ps/(km-nm)]. This is the case for standard

fibers near 1.55 pm. It should be remarked that the maximum transmission distance

depends critically on many factors, such as the FWM efficiency, the input power, and

the amplifier spacing, and may decrease to below 3000 km, depending on the operating

parameters [96].

The use of OPC for long-haul lightwave systems requires periodic use of optical

amplifiers and phase conjugators. These two optical elements can be combined into one

by using parametric amplifiers , which not only generate the phase-conjugated signal

through the FWM process but also amplify it. The analysis of such a long-haul system

shows that 20- to 30-ps input pulses can travel over thousands of kilometers despite a

high GVD; the total transmission distance can exceed 15,000 km for dispersion-shifted

fibers with = —2 ps
2/km near 1.55 pm [111]. The phase-conjugation technique is

not used in practice as parametric amplifiers are not yet available commercially. The

next section focuses on the techniques commonly used for dispersion management in

long-haul systems.

7.8 Long-Haul Lightwave Systems

This chapter has so far focused on lightwave systems in which dispersion management

helps to extend the transmission distance from a value of ~10 km to a few hundred

kilometers. The important question is how dispersion management can be used for

long-haul systems for which transmission distance is several thousand kilometers. If

the optical signal is regenerated electronically every 100-200 km, all techniques dis-

cussed in this chapter should work well since the nonlinear effects do not accumulate

over long lengths. In contrast, if the signal is maintained in the optical domain over the

entire link by using periodic amplification, the nonlinear effects such as SPM, cross-

phase modulation (XPM), and FWM [106] would limit the system ultimately. Indeed,

the impact of nonlinear effects on the performance of dispersion-managed systems has

been a subject of intense study [ 1 12]— [ 137]. In this section we focus on long-haul

lightwave systems in which the loss and dispersion-management schemes are used si-

multaneously.

7.8.1 Periodic Dispersion Maps

In the absence of the nonlinear effects, total GVD accumulated over thousands of kilo-

meters can be compensated at the receiver end without degrading the system perfor-

mance. The reason is that each optical pulse recovers its original position within the

bit slot for a linear system (except for the amplifier-induced timing jitter) even if it was
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Figure 7.15: Recirculating fiber loop used to demonstrate transmission of a 10-Gb/s signal over

10,000 km of standard fiber using a DCF periodically. Components used include laser diode

(LD), electroabsorption (EA) modulator, optical switch (SW), fiber amplifier (EDFA), single-

mode fiber (SMF), and DCF. (After Ref. [135]; ©2000 IEEE; reprinted with permission.)

spread over several bit slots before the GVD was compensated. This is not the case

when nonlinear effects cannot be neglected. The nonlinear interaction among optical

pulses of the same channel (intrachannel effects), and among pulses of neighboring

channels in a WDM system (interchannel effects), degrade the signal quality to the

extent that the GVD compensation at the receiver alone fails to work for long-haul

systems.

A simple solution is provided by the technique ofperiodic dispersion management.

The underlying idea is quite simple and consists of mixing fibers with positive and

negative GVDs in a periodic fashion such that the total dispersion over each period is

close to zero. The simplest scheme uses just two fibers of opposite dispersions and

lengths with the average dispersion

D = (D\L\ +D2L2)/Lm ,
(7.8.1)

where Dj is the dispersion of the fiber section of length Lj (j = 1,2) and Lm = L\ + L2

is the period of dispersion map, also referred to as the map period. If D is nearly zero,

dispersion is compensated over each map period. The length Lm is a free design param-

eter that can be chosen to meet the system-performance requirements. In practice, it is

common to choose Lm to be equal to the amplifier spacing La as this choice simplifies

the system design. Typically Lm = La ~ 80 km for terrestrial lightwave systems but is

reduced to about 50 km for submarine systems.

Because of cost considerations, most laboratory experiments use a fiber loop in

which the optical signal is forced to recirculate many times to simulate a long-haul
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lightwave system. Figure 7.15 shows such a recirculating fiber loop schematically.

It was used to demonstrate transmission of a 10-Gb/s signal over a distance of up to

10,000 km over standard fibers with periodic loss and dispersion management [135].

Two optical switches determine how long a pseudorandom bit stream circulates in-

side the loop before it reaches the receiver. The loop length and the number of round

trips determine the total transmission distance. The loop length is typically 300-

500 km. The length of DCF is chosen in accordance with Eq. (7.8.1) and is set to

L2 = —D\L\ /D2 for complete compensation (

D

= 0). An optical bandpass filter is also

inserted inside the loop to reduce the effects of amplifier noise.

7.8.2 Simple Theory

The major nonlinear phenomenon affecting the performance of a single-channel sys-

tem is SPM. As before, the propagation of an optical bit stream inside a dispersion-

managed system is governed by the nonlinear Schrodinger (NLS) equation [Eq. (7.7.4)]:

.dA
l

dz

ft d 2A

2 dt2
+ y\a\

2a (7.8.2)

with the main difference that @2 , 7, and a are now periodic functions of z because of

their different values in two or more fiber sections used to form the dispersion map.

Loss compensation at lumped amplifiers can be included by changing the loss param-

eter suitably at the amplifier locations.

In general, Eq. (7.8.2) is solved numerically to study the performance of dispersion-

managed systems [120]— [ 129]. It is useful to eliminate the last term in this equation

with the transformation [see Eq. (7.7.5)]

A(z,f) =B(z,t)exp
1 f

z

~2Jo
a^ dz (7.8.3)

Equation (7.8.2) then takes the form

dB p2 (z) d 2B

dz 2 dt2
+ Y(z)\B\

2B = 0, (7.8.4)

where power variations along the dispersion-managed fiber link are included through a

periodically varying nonlinear parameter f(z) = 7 exp[— /q a(z) dz}.

Considerable insight into the design of a dispersion-managed system can be gained

by solving Eq. (7.8.4) with a variational approach [123]. Its use is based on the ob-

servation that a chirped Gaussian pulse maintains its functional form in the linear case

(7 = 0) although its amplitude, width, and chirp change with propagation (see Section

2.4). Since the nonlinear effects are relatively weak locally in each fiber section com-

pared with the dispersive effects, the pulse shape is likely to retain its Gaussian shape.

One can thus assume that the pulse evolves along the fiber in the form of a chirped

Gaussian pulse such that

B(z, t)= a exp[— ( 1 + iC)t
2/IT2 + /</>]

,

(7.8.5)
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where a is the amplitude, T is the width, C is the chirp, and
(f)

is the phase. All four

parameters vary with z- The variational method is useful to find the z dependence of

these parameters. It makes use of the fact that Eq. (7.8.4) can be derived from the

Euler-Lagrange equation using the following Lagrangian density:

i ( dB* ± dB^i
1 dB 2

Lden “
2 dz

-£*—
OZ )

l

+
2

?(z)\B\
4 - p2 (z)

dt
(7.8.6)

Following the variational method, we can find the evolution equations for the four

parameters a
,
T, C, and 0. The phase equation can be ignored as it is not coupled to

the other three equations. The amplitude equation can be integrated to find that the

combination a 2T does not vary with z and is related to the input pulse energy Eq as

a2T = \ZkEq. Thus, one only needs to solve the following two coupled equations:

dT

dz

dC

dz

?Eq

V2nT
+ (i + c2

)||.

(7.8.7)

(7.8.8)

Consider first the linear case by setting y = 0. Noting that the ratio ( 1 + C 2)/T2
is

related to the spectral width of the pulse that remains constant in a linear medium, we
can replace it by its initial value (1 + Cq)/T0

2
, where To and Co are the width and the

chirp of input pulses before they are launched into the dispersion-managed fiber link.

Equations (7.8.7) and (7.8.8) can now be solved analytically and have the following

general solution:

T2
(z) = Tq-

+

2 rp2(z)C(z)dz, C(z) =C0 + Tt^ f/32 (z)dz. (7.8.9)
Jo r

0
z

Jo

This solution looks complicated but is is easy to perform the integrations for a two-

section dispersion map. In fact, the values of T and C at the end of the first map period

(z. — Em) are given by

T\ = 7b[(l + C0d)
2 + d2

]

l/2
,

Ci = C0 + (1 + Cl)d, (7.8.10)

where d = Lm/T^ and is the average GVD value. This is exactly what one would

expect from the theory of Section 2.4. It is easy to see that when = 0, both T and

C return to their input values at the end of each map period, as they should for a linear

medium. When the average GVD of the dispersion-managed link is not zero, T and C
change after each map period, and pulse evolution is not periodic.

When the nonlinear term is not negligible, the pulse parameters do not return to

their input values for perfect GVD compensation (d = 0). It was noted in several

experiments that the nonlinear system performs best when GVD compensation is only

90-95% so that some residual dispersion remains after each map period. In fact, if

the input pulse is initially chirped such that /feC < 0, the pulse at the end of the fiber

link may be shorter than the input pulse. This behavior is expected for a linear system

(see Section 2.4) and follows from Eq. (7.8.10) for Cod <0. It also persists for weakly
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nonlinear systems. This observation has led to the adoption of the CRZ (chirped RZ)

format for dispersion-managed fiber links. If the dispersion map is made such that the

pulse broadens in the first section and compresses in the second section, the impact of

the nonlinear effects can be reduced significantly. The reason is as follows: The pulse

peak power is reduced considerably in the first section because of rapid broadening of

chirped pulses, while in the second section it is lower because of the accumulated fiber

losses. Such dispersion-managed links are called quasi-linear transmission links [127].

The solution given in Eq. (7.8.9) applies reasonably well for such links. As optical

pulses spread considerably outside their assigned bit slot over a considerable fraction

of each map period, their overlapping can degrade the system performance when the

nonlinear effects are not negligible. These effects are considered in the next section.

If the input peak power is so large that a quasi-linear situation cannot be realized,

one must solve Eqs. (7.8.7) and (7.8.8) with the nonlinear term included. No analytic

solution is possible in this case. However, one can find periodic solutions of these

equations numerically by imposing the periodic boundary conditions

T(Lm )
= T0 ,

C(Lm )
= Co, (7.8.11)

which ensure that the pulse recovers its initial shape at the end of each map period.

Such pulses propagate through the dispersion-managed link in a periodic fashion and

are called dispersion-managed solitons because they exhibit soliton-like features. This

case is discussed in Chapter 9.

7.8.3 Intrachannel Nonlinear Effects

The nonlinear effects play an important role in dispersion-managed systems, especially

because they are enhanced within the DCF because of its reduced effective core area.

Placement of the amplifier after the DCF helps since the signal is then weak enough

that the nonlinear effects are less important in spite of the small effective area of DCFs.

The optimization of system performance using different dispersion maps has been a

subject of intense study. In a 1994 experiment, a 1000-km-long fiber loop contain-

ing 31 fiber amplifiers was used to study three different dispersion maps [112]. The

maximum transmission distance of 12,000 km was realized for the case in which short

sections of normal GVD fibers were used to compensate for the anomalous GVD of

long sections. In a 1995 experiment, a 80-Gb/s signal, obtained by multiplexing eight

10-Gb/s channels with 0.8-nm channel spacing, was propagated inside a recirculating

fiber loop [114]. The total transmission distance was limited to 1171 km because of

various nonlinear effects.

Perfect compensation of GVD in each map period is not the best solution in the

presence of nonlinear effects. A numerical approach is often used to optimize the

design of dispersion-managed systems [1 15]—[124]. In general, local GVD should be

kept relatively large to suppress the nonlinear effects, while minimizing the average

dispersion for all channels. In a 1998 experiment, a 40-Gb/s signal was transmitted

over 2000 km of standard fiber using a novel dispersion map [125]. The distance could

be increased to 16,500 km at a lower bit rate of 10 Gb/s by placing an optical amplifier

right after the DCF within the recirculating fiber loop [126]. Since the nonlinear effects
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played an important role, these experiments are thought to be making use of soliton

properties (see Chapter 9). The main limitation stems from a large pulse broadening in

the standard-fiber section of the dispersion map, resulting in the nonlinear interaction

between the neighboring overlapping pulses. Such nonlinear effects have been studied

extensively [127]— [ 1 34] and are referred to as the intrachannel effects to distinguish

them from the interchannel nonlinear effects that occur when pulses in two neighboring

channels at different wavelengths overlap in the time domain (see Section 8.3).

The origin of intrachannel nonlinear effects can be seen from Eq. (7.8.4) by consid-

ering three neighboring pulses and writing the total field as B = B
\
+B2 +£3 . Equation

(7.8.4) then reduces to the following set of three coupled NLS equations [132]:
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The first nonlinear term corresponds to SPM. The next two terms result from XPM
induced by the other two pulses. The last term is FWM-like. Although it is common to

refer to its effect as intrachannel FWM, it is somewhat of a misnomer because all three

pulses have the same wavelength. Nevertheless, this term can create new pulses in the

time domain, in analogy with FWM that creates new waves in the spectral domain.

Such pulses are referred to as ghost pulses [128]. The ghost pulses can impact the

system performance considerably if they fall within the O-bit time slots [134].

The intrachannel XPM affects only the phase but the phase shift is time dependent.

The resulting frequency chirp leads to timing jitter through fiber dispersion [130]. The

impact of intrachannel XPM and FWM on the system performance depends on the

choice of the dispersion map among other things [127]. In general, the optimization of

a dispersion-managed systems depends on many design parameters such as the launch

power, amplifier spacing, and the location of DCFs [129]. In a 2000 experiment, a

40-Gb/s signal was transmitted over transoceanic distances, in spite of its use of stan-

dard fibers, using the in-line synchronous modulation method originally proposed for

solitons [137]. Pseudolinear transmission of a 320-Gb/s channel has also been demon-

strated over 200 km of fiber whose dispersion of 5.7 ps/(km-nm) was compensated

using DCFs [138].

7.9 High-Capacity Systems

Modern WDM lightwave systems use a large number of channels to realize a system

capacity of more than 1 Tb/s. For such systems, the dispersion-management technique

should be compatible with the broad bandwidth occupied by the multichannel signal.

In this section we discuss the dispersion-management issues relevant for high-capacity

systems.
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7.9.1 Broadband Dispersion Compensation

As discussed in Chapter 8, a WDM signal typically occupies a bandwidth of 30 nm or

more, although it is bunched in spectral packets of bandwidth ~ 0.1 nm (depending on

the bit rate of individual channels). For 10-Gb/s channels, the third-order dispersion

does not play an important role as relatively wide (> 10 ps) optical pulses are used

for individual channels. However, because of the wavelength dependence of j3 2 , or the

dispersion parameter D, the accumulated dispersion will be different for each channel.

Any dispersion-management scheme should compensate the GVD of all channels si-

multaneously to be effective in practice. Several different methods have been used for

dispersion compensation in WDM systems. One can use either a single broadband fiber

grating or multiple fiber gratings with their stop bands tuned to individual channels. Al-

ternatively, one can take advantage of the periodic nature of the WDM spectrum, and

use an optical filter with periodic transmission peaks. A common approach consists of

extending the DCF approach to WDM systems by designing the DCF appropriately.

Consider first the case of fiber gratings [51]. A chirped fiber grating can have a

stop band as wide as 10 nm if it is made long enough. Such a grating can be used in a

WDM system if the number of channels is small enough (typically <10) that the total

signal bandwidth fits inside its stop band. In a 1999 experiment, a 6-nm-bandwidth

chirped grating was used for a four-channel WDM system, each channel operating at

40 Gb/s [139]. When the WDM-signal bandwidth is much larger than that, one can use

several cascaded chirped gratings in series such that each grating reflects one channel

and compensates its dispersion [140]—[144]. The advantage of this technique is that

the gratings can be tailored to match the GVD of each channel. Figure 7.16 shows

the cascaded-grating scheme schematically for a four-channel WDM system [143].

Every 80 km, a set of four gratings compensates the GVD for all channels while two

optical amplifiers take care of all losses. The gratings opened the “closed eye” almost

completely in this experiment. By 2000, this approach was applied to a 32-channel

WDM system with 18-nm bandwidth [144]. Six chirped gratings, each with 6-nm-

wide stop band, were cascaded to compensate GVD for all channels simultaneously.

The multiple-gratings approach becomes cumbersome when the number of chan-

nels is so large that the signal bandwidth exceeds 30 nm. A FP filter has multiple

transmission peaks, spaced apart periodically by the free spectral range of the filter.

Such a filter can compensate the GVD of all channels if (i) all channels are spaced

apart equally and (ii) the free spectral range of the filter is matched to the channel spac-

ing. It is difficult to design FP filters with a large amount of dispersion. A new kind of

fiber grating, referred to as the sampled fiber grating, has been developed to solve this

problem [145]—[147]. Such a grating has multiple stop bands and is relatively easy to

fabricate. Rather than making a single long grating, multiple short-length gratings are

written with uniform spacing among them. (Each short section is a sample, hence the

name “sampled” grating.) The wavelength spacing among multiple reflectivity peaks

is determined by the sample period and is controllable during the fabrication process.

Moreover, if each sample is chirped, the dispersion characteristics of each reflectivity

peak are governed by the amount of chirp introduced. Such a grating was first used in

1995 to demonstrate simultaneous compensation of fiber dispersion over 240 km for

two 10-Gb/s channels [145]. A 1999 experiment used a sampled grating for a four-
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Figure 7.16: Cascaded gratings used for dispersion compensation in a WDM system. (After

Ref. [143]; ©1999 IEEE; reprinted with permission.)

channel WDM system [147]. As the number of channels increases, it becomes more

and more difficult to compensate the GVD of all channels at the same time.

The use of negative-slope DCFs offers the simplest solution to dispersion manage-

ment in high-capacity WDM systems with a large number of channels. Indeed, such

DCFs were developed and commercialized during the 1990s and are employed in virtu-

ally all dense WDM systems [148]— [ 159]. The need of a negative dispersion slope can

be understood from the condition (7.4.2) obtained in Section 7.4 for a single channel.

This condition should be satisfied for all channels, i.e.,

Di(A„)Li+D2 (A„)L2 =0, (7.9.1)

where Xn is the wavelength of the nth channel. Because of a finite positive value of the

dispersion slope S, or the third-order dispersion pi (see Section 2.3.4), D\ increases

with wavelength for both the standard and dispersion-shifted fibers (see Fig. 2.1 1). As

a result the accumulated dispersion D\L\ is different for each channel. If the same

DCF has to work for all channels, its dispersion slope should be negative and has a

value such that Eq. (7.9.1) is approximately satisfied for all channels.

Writing Dj(Xn )
= Dj + Sj(Xn — Xc )

in Eq. (7.9.1), where Dj (j = 1,2) is the value

at the wavelength Xc of the central channel, the dispersion slope of the DCF should be

S2 = -S x {L l/L1)=S,(D2/D l ), (7.9.2)

where we used the condition (7.4.2) for the central channel. This equation shows that

the ratio S/D , called the relative dispersion slope , should be the same for both fibers

used to form the dispersion map [44]. For standard fibers with D « 16 ps/(km-nm)

and S ~ 0.05 ps/(km-nm 2
), this ratio is about 0.003 nm" 1

. Thus, for a DCF with

D ~ —100 ps/(km-nm), the dispersion slope should be about —0.3 ps/(km-nm 2
). Such

DCFs have been made and are available commercially. In the case of dispersion-shifted

fibers, the ratio S/D can exceed 0.02 nm -1
. It is hard to manufacture DCFs with such

large values of the relative dispersion slope, although two-mode DCFs can provide

values as large as 0.01 nm -1
(see Fig. 7.5). In their place, reverse-dispersion fibers
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have been developed for which the signs of both D and S are reversed compared with

the conventional dispersion-shifted fibers. Dispersion map in this case is made using

roughly equal lengths of the two types of fibers.

Many experiments during the 1990s demonstrated the usefulness ofDCFs forWDM
systems. In a 1995 experiment [148], 8 channels with 1.6-nm spacing, each operating

at 20 Gb/s, were transmitted over 232 km of standard fiber by using multiple DCFs.

The residual dispersion for each channel was relatively small (~ 100 ps/nm for the

entire span) since all channels were compensated simultaneously by the DCFs. In a

2001 experiment, broadband DCFs were used to transmit a 1-Tb/s WDM signal (101

channels, each operating at 10 Gb/s) over 9000 km [158]. The highest capacity of

11 Tb/s was also realized using the reverse-dispersion fibers in an experiment [159]

that transmitted 273 channels, each operating at 40 Gb/s, over the C, L, and S bands

simultaneously (resulting in the total bandwidth of more than 100 nm).

7.9.2 Tunable Dispersion Compensation

It is difficult to attain full GVD compensation for all channels in a WDM system.

A small amount of residual dispersion remains and often becomes of concern for

long-haul systems. In many laboratory experiments, a postcompensation technique

is adopted in which the residual dispersion for individual channels is compensated by

adding adjustable lengths of a DCF (or a fiber grating) at the receiver end (dispersion

trimming). This technique is not suitable for commercial WDM systems for several

reasons. First, the exact amount of channel-dependent residual dispersion is not al-

ways known because of uncontrollable variations in fiber GVD in the fiber segments

forming the transmission path. Second, even the path length may change in reconfig-

urable optical networks. Third, as the single-channel bit rate increases toward 40 Gb/s,

the tolerable value of the residual dispersion becomes so small that even temperature-

induced changes in GVD become of concern. For these reasons, the best approach may
be to adopt a tunable dispersion-compensation scheme that allows the GVD control for

each channel in a dynamic fashion.

Several techniques for tunable dispersion compensation have been developed and

used for system experiments [ 1 60]— [ 167] . Most of them make use of a fiber Bragg grat-

ing whose dispersion is tuned by changing the grating period fiA. In one scheme, the

grating is made with a nonlinear chirp (Bragg wavelength increases nonlinearly along

the grating length) that can be changed by stretching the grating with a piezoelectric

transducer [160]. In another approach, the grating is made with either no chirp or with

a linear chirp and a temperature gradient is used to produce a controllable chirp [164].

In both cases, the stress- or temperature-induced changes in the mode index h change

the local Bragg wavelength as A#(z) = 2fi(z)A(z). For such a grating, Eq. (7.6.6) is

replaced with

= = <79J)

where Tg is the group delay and Lg is the grating length. The value ofDg at any wave-

length can be changed by changing the mode index h (through heating or stretching),

resulting in tunable dispersion characteristics for the Bragg grating.
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Figure 7.17: (a) Reflection spectrum and (b) total GVD as a function of voltage for a fiber

grating with temperature gradient. Inset shows Tg (X) at several voltages. (After Ref. [164];

©2000 IEEE; reprinted with permission.)

Distributed heating of the Bragg grating requires a thin-film heater deposited on the

outer surface of the fiber with an intracore grating [164]. The film thickness changes

along the grating length and creates a temperature gradient through nonuniform heating

when a voltage is applied across the film. A segmented thin-film heater can also be used

for this purpose [167]. Figure 7.17 shows the reflection spectra of a 8-cm-long grating

at three voltage levels together with the total dispersion DgLg as a function of voltage.

The inset shows Tg (X) for several values of the applied voltage. The grating is initially

unchirped and has a narrow stop band that shifts and broadens as the grating is chirped

through nonuniform heating. Physically, the Bragg wavelength A b changes along the

grating because the optical period h(z)A becomes z dependent when a temperature

gradient is established along the grating. The total dispersion DgLg can be changed in

the range —500 to —2200 ps/nm by this approach. Such gratings can be used to provide

tunable dispersion for 10-Gb/s systems.

When the bit rate becomes 40 Gb/s or more, it is necessary to chirp the grating

so that the stop band is wide enough for passing the signal spectrum. The use of a

nonlinear chirp then provides an additional control over the device [160]. Such chirped

gratings have been made and used to provide tunable dispersion compensation at bit

rates as high as 160 Gb/s. Figure 7.18 shows the measured receiver sensitivities in the

160-Gb/s experiment as a function of the residual (preset) dispersion with and without

the chirped grating with tunable dispersion [165]. In the absence of the grating, the

minimum sensitivity occurs around 91 ps/nm because the DCF used provided this value

of constant dispersion. A power penalty of 4 dB occurred when the residual GVD
changed by as little as 8 ps/nm. It was reduced to below 0.5 dB with tunable dispersion

compensation. The eye diagrams for a residual dispersion of 110 ps/nm show that the

system becomes inoperable without the grating but the eye remains wide open when

tunable dispersion compensation is employed. This experiment used 2-ps optical pulses

as the bit slot is only 6.25 ps wide at the 160-Gb/s bit rate. The effects of third-order

dispersion becomes important for such short pulses. We turn to this issue next.
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Preset dispersion of 1 10 ps:

Without CFBG

Figure 7.18: Receiver sensitivities measured in a 160-Gb/s experiment as a function of the

preset dispersion with (squares) and without (circles) a chirped fiber-Bragg grating (CFBG).

The improvement in the eye diagram is shown for 110 ps/nm on the right. (After Ref. [165];

©2000 IEEE; reprinted with permission.)

7.9.3 Higher-Order Dispersion Management

When the bit rate of a single channel exceeds 40 Gb/s (through the used of time-division

multiplexing, for example), the third- and higher-order dispersive effects begin to in-

fluence the optical signal. For example, the bit slot at a bit rate of 100 Gb/s is only

10 ps wide, and an RZ optical signal would consist of pulses of width <5 ps. Equa-

tion (2.4.34) can be used to estimate the maximum transmission distance L, limited by

the third-order dispersion when only second-order dispersion is compensated. The

result is

L<0.034(|j33 |B
3 )“ 1

- (7.9.4)

This limitation is shown in Fig. 2.13 by the dashed line. At a bit rate of 200 Gb/s, L is

limited to about 50 km and drops to only 3.4 km at 500 Gb/s if we use a typical value

P3 = 0.08 ps 3/km. Clearly, it is essential to use techniques that compensate for both

the second- and third-order dispersion simultaneously when the single-channel bit rate

exceeds 100 Gb/s, and several techniques have been developed for this purpose [168]—

[180].

The simplest solution to third-order dispersion compensation is provided by DCFs
designed to have a negative dispersion slope so that both ft 2 and P3 have opposite signs,

in comparison with the standard fibers. The necessary conditions for designing such

fibers can be obtained by solving Eq. (7.1.3) using the Fourier-transform method. For

a fiber link containing two different fibers of lengths L\ and L2 , the conditions for

dispersion compensation become

fii\L\ + P22L2 = 0 and ftiL\ + P32T2 = 0, (7.9.5)

where p2j and p3j
are second- and third-order dispersion parameters for the fiber of

length Lj. The first condition is the same as Eq. (7.4.2). By using Eq. (7.4.3), the

second condition can be used to find the third-order dispersion parameter for the DCF:

P22 = (fe/ZfeOfti = —(L\/L2)fi3\- (7.9.6)
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Figure 7.19: Pulse shapes after a 2.6-ps input pulse propagated over 300 km of dispersion-

shifted fiber (p2 = 0). Left and right traces compare the improvement realized by compensating

the third-order dispersion. (After Ref. [169]; ©1996 IEE; reprinted with permission.)

This requirement is nearly the same as that obtained earlier in Eq. (7.9.2) for DCFs used

in WDM systems because is related to the dispersion slope S through Eq. (2.3.13).

For a single-channel system, the signal bandwidth is small enough even at bit rates

of 500 Gb/s that it is sufficient to satisfy Eq. (7.9.5) over a 4-nm bandwidth. This re-

quirement is easily met by an optical filter or a chirped fiber grating [51]. Consider

the case of optical filters first. Planar lightwave circuits based on multiple MZ inter-

ferometric filters (see Section 7.5) have proved quite successful because of the pro-

grammable nature of such filters. In one experiment [169], such a filter was designed

to have a dispersion slope of —15.8 ps/nm 2 over a 170-GHz bandwidth. It was used

to compensate third-order dispersion over 300 km of a dispersion-shifted fiber with

~ 0.05 ps/(km-nm 2
) at the operating wavelength. Figure 7.19 compares the pulse

shapes at the fiber output observed with and without ^3 compensation when a 2 .6-ps

pulse was transmitted over 300 km of such a fiber. The equalizer eliminates the long

oscillatory tail and reduces the width of the main peak from 4.6 to 3.8 ps. The increase

in the pulse width from its input value of 2.6 ps is attributed to polarization-mode dis-

persion (PMD), a topic covered later.

Chirped fiber gratings are often preferred in practice because of their all-fiber na-

ture. Long fiber gratings (~1 m) were developed by 1997 for this purpose [170]. In

1998, a nonlinearly chirped fiber grating was capable of compensating the third-order

dispersion over 6 nm for distances as long as 60 km [171]. Cascading of several

chirped gratings can provide a dispersion compensator that has arbitrary dispersion

characteristics and is capable for compensating dispersion to all higher orders [172].

An arrayed-waveguide grating [173] or a sampled fiber grating [174] can also com-

pensate for second- and third-order dispersion simultaneously. Although a sampled

fiber grating chirped nonlinearly can provide tunable dispersion for several channels

simultaneously [177], its bandwidth is still limited. An arrayed-waveguide grating in

combination with a spatial phase filter can provide dispersion-slope compensation over

a bandwidth as large as 8 THz and should be suitable for 40-Gb/s multichannel sys-

tems [178]. The feasibility of transmitting of a 100-Gb/s signal over 10,000 km has

also been investigated using midway optical phase conjugation in combination with

third-order dispersion compensation [179].

Several single-channel experiments have explored the possibility of transmitting a

single channel at bit rates of more than 200 Gb/s [1 8 1]— [ 1 83]. Assuming that a 2-ps bit
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slot is required for a RZ system making use of 1-ps pulses, transmission at bit rates as

high as 500 Gb/s appears to be feasible using DCFs or chirped fiber gratings designed

to provide compensation of (5 3 over a 4-nm bandwidth. In a 1996 experiment [181],

a 400-Gb/s signal was transmitted by managing the fiber dispersion and transmitting

0.98-ps pulses inside a 2.5-ps time slot. Without compensation of the third-order dis-

persion, the pulse broadened to 2.3 ps after 40 km and exhibited a long oscillatory tail

extending over 5-6 ps, a characteristic feature of the third-order dispersion [106]. With

partial compensation of third-order dispersion, the oscillatory tail disappeared, and the

pulse width reduced to 1.6 ps, making it possible to recover the 400-Gb/s data with

high accuracy. Optical pulses as short as 0.4 ps were used in 1998 to realize a bit rate

of 640 Gb/s [182]. In a 2001 experiment, the bit rate was extended to 1.28 Tb/s by

transmitting 380-fs pulses over 70 km of fiber [183]. Propagation of such short pulses

requires compensation of second- third- and fourth-order dispersion simultaneously.

It turns out that if sinusoidal phase modulation of the right kind is applied to the lin-

early chirped pulse before it is transmitted through a GVD-compensated fiber, it can

compensate for both the third- and fourth-order dispersion.

7.9.4 PMD Compensation

As discussed in Section 2.3.5, PMD leads to broadening of optical pulses because

of random variations in the birefringence of an optical fiber along its length. This

broadening is in addition to GVD-induced pulse broadening. The use of dispersion

management can eliminate GVD-induced broadening but does not affect the PMD-
induced broadening. For this reason, PMD has become a major source of concern for

modern dispersion-managed systems [184]—[196].

Before considering the techniques used for PMD compensation, we provide an

order-of-magnitude estimate of the system length in uncompensated systems. Equa-

tion (2.3.17) shows that the RMS pulse broadening for a link of length L is given by

Gj = ((AT) 2
)

1 /2 =Dp \fZ, whereDp is the PMD parameter and AT is the relative delay

along the two principal states of polarization (PSPs). It is important to note that Oj de-

notes an average value. The instantaneous value ofAT fluctuates with time over a wide

range because of temperature and other environmental factors [192]. IfAT exceeds the

bit slot even for a short time interval, the system will stop functioning properly; this

is referred to as fading or outage in analogy with a similar effect occurring in radio

systems [184].

The performance of a PMD-limited system is quantified using the concept of the

outage probability, which should be below a prescribed value (often set near 10
_5

or

5 minutes/year ) for the system [184]. This probability can be calculated noting that

AT follows a Maxwellian distribution. In general, the RMS value cj should only be a

small fraction of the bit slot 7# at a certain bit rate B = 1/7#. The exact value of this

fraction varies in the range 0. 1-0. 15 depending on the modulation format (RZ, CRZ, or

NRZ) and details of the input pulse. Using 10% as a conservative criterion, the system

length and the bit rate should satisfy the condition

B2L<(10Dp
)~2

. (7.9.7)
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Figure 7.20: Schematic illustration of (a) optical and (b) electrical PMD compensators. (After

Ref. [210]; ©2000 Elsevier; reprinted with permission.)

Consider a few relevant examples. In the case of “old” fiber links installed us-

ing standard fibers, the condition (7.9.7) becomes B 2L < 104 (Gb/s)2-km if we use

Dp = 1 ps/vkm as a representative value. Such fibers require PMD compensation at

B = 10 Gb/s if the link length exceeds even 100 km. In contrast, modern fibers have

typically Dp <0.1 ps/ykm. For systems designed using such fibers, B 2L can exceed

106 (Gb/s)
2-km. As a result, PMD compensation is not necessary at 10 Gb/s but may

be required at 40 Gb/s if the link length exceeds 600 km. It should be stressed that these

numbers represent only an order-of-magnitude estimate. A more accurate estimate can

be obtained following the PMD theory developed in recent years [ 192]— [ 195].

The preceding discussion shows that PMD limits the system performance when the

single-channel bit rate is extended to beyond 10 Gb/s. Several techniques have been

developed for PMD compensation in dispersion-managed lightwave systems
[
197]—

[214]; they can be classified as being optical or electrical. Figure 7.20 shows the basic

idea behind the electrical and optical PMD compensation schemes. An electrical PMD
equalizer corrects for the PMD effects within the receiver using a transversal filter. The

filter splits the electrical signal x(t) into a number of branches using multiple tapped

delay lines and then combines the output as

N-

1

y(t) = X c,„x(t -mx), (7.9.8)

m=

0

where N is the total number of taps, t is the delay time, and cm is the tap weight for

the rath tap. Tap weights are adjusted in a dynamic fashion using a control algorithm

in such a way that the system performance is improved [210]. The error signal for the

control electronics is often based on the closing of the “eye” at the receiver. Such an

electrical technique cannot eliminate the PMD effects completely as it does not con-

sider the PMD-induced delay between the two PSPs. On the positive side, it corrects

for all sources of degradation that lead to eye closing.

An optical PMD compensator also makes use of a delay line. It can be inserted pe-

riodically all along the fiber link (at the amplifier locations, for example) or just before

the receiver. Typically, the PMD-distorted signal is separated into two components

along the PSPs using a polarization controller (PC) followed by a polarization beam

splitter; the two components are combined after introducing an adjustable delay in one

branch through a variable delay line (see Fig. 7.20). A feedback loop is still needed

to obtain an error signal that is used to adjust the polarization controller in response to

the environmental changes in the fiber PSPs. The success of this technique depends on
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Figure 7.21: Tunable PMD compensation provided by a birefringent chirped fiber grating, (a)

The origin of differential group delay; (b) stop-band shift induced by stretching the grating.

(After Ref. [160]; ©1999 IEEE; reprinted with permission.)

the ratio L/Lpmd f°r a fiber of length L, where Lpmd = (To/Dp)
2

is the PMD length

for pulses of width Tq [202]. Considerable improvement is expected as long as this

ratio does not exceed 4. Because Lpmd *s close to 10,000 km for Dp « 0.1 ps/ykm

and 7o = 10 ps, such a PMD compensator can work over transoceanic distances for

10-Gb/s systems.

Several other all-optical techniques can be used for PMD compensation [205]. For

example, a LiNb03-based Soleil-Babinet compensator can provide endless polariza-

tion control. Other devices include ferroelectric liquid crystals, twisted polarization-

maintaining fibers, optical all-pass filters [209], and birefringent chirped fiber grat-

ings [204]. Figure 7.21 shows how a grating-based PMD compensator works. Because

of a large birefringence, the two field components polarized along the slow and fast axis

have different Bragg wavelengths and see slightly shifted stop bands. As a result, they

are reflected at different places within the grating and experience a differential group

delay that can compensate for the PMD-induced group delay. The delay is wavelength

dependent because of the chirped nature of the grating. Moreover, it can be tuned over

several nanometers by stretching the grating [160]. Such a device can provide tunable

PMD compensation and is suited for WDM systems.

It should be stressed that optical PMD compensators shown in Figs. 7.20 and 7.21

remove only the first-order PMD effects. At high bit rates, optical pulses are short

enough and their spectrum becomes wide enough that the PSPs cannot be assumed

to remain constant over the whole pulse spectrum. Higher-order PMD effects have

become of concern with the advent of 40-Gb/s lightwave systems, and techniques for

compensating them have been proposed [207].

The effectiveness of first-order PMD compensation can be judged by considering

how much PMD-induced pulse broadening is reduced by such a compensator. An
analytical theory of PMD compensation shows that the average or expected value of

the broadening factor, defined as b 2 = o1
/<Jq

,
is given by the following expression for

an unchirped Gaussian pulse of width Tq [206]:

b
2
c =bl + 2*/3-4[(l + 2*/3)

1 /2 -l], (7.9.9)
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Figure 7.22: Pulse broadening factor as a function of average DGD in four cases. The dotted

curve shows the improvement realized using a first-order PMD compensator. Filled and empty

circles show the results of numerical simulations (After Ref. [206]; ©2000 IEEE; reprinted with

permission.)

where x = ((AT) 2
)
/4Tq, AT is the differential group delay along the PSPs, and b 2

is

the value before PMD compensation:

b
2
u = l+x- ±[(l+4x/3) 1/2 -l]. (7.9.10)

Figure 7.22 shows the broadening factors b u (solid line) and bc (dotted line) as a func-

tion of (AT) /To

.

For comparison, the worst and best cases corresponding to the two

specific choices of the input state of polarization (SOP) are also shown.

Figure 7.22 can be used to estimate the improvement realized by a first-order PMD
compensator. As discussed earlier, the average DGD should not exceed about 10%
of the bit slot in uncompensated systems for keeping the outage probability below

10
-5

. Thus, the tolerable value of PMD-induced pulse broadening is close to b = 1 .02.

From Eqs. (7.9.9) and (7.9.10) it is easy to show that this value can be maintained

in PMD-compensated systems even when Oj exceeds 30%. Thus, a first-order PMD
compensator can increase the tolerable value of DGD by more than a factor of 3. The

net result is a huge increase in the transmission distance of PMD-compensated systems.

One should note that a single PMD compensator cannot be used for all WDM channels.

Rather, a separate PMD compensator is required for each channel. This fact makes

PMD compensation along the fiber link a costly proposition for WDM systems. An
optical compensator just before the receiver or an electrical PMD equalizer built into

the receiver provides the most practical solution; both were being pursued in 2001 for

commercial applications.
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Problems

7.1 What is the dispersion-limited transmission distance for a 1.55-/1m lightwave

system making use of direct modulation at 10 Gb/s? Assume that frequency

chirping broadens the Gaussian-shape pulse spectrum by a factor of 6 from its

transform-limited width. Use D = 17 ps/(km-nm) for fiber dispersion.

7.2 How much improvement in the dispersion-limited transmission distance is ex-

pected if an external modulator is used in place of direct modulation for the

lightwave system of Problem 7.1?

7.3 Solve Eq. (7.1.3) by using the Fourier transform method. Use the solution to

find an analytic expression for the pulse shape after a Gaussian input pulse has

propagated to z = L in a fiber with = 0.

7.4 Use the result obtained in Problem 7.3 to plot the pulse shape after a Gaussian

pulse with a full-width at half-maximum (FWHM) of 1 ps is transmitted over

20 km of dispersion-shifted fiber with /32 = 0 and = 0.08 ps 3/km. How would

the pulse shape change if the sign of /3 3 is inverted?

7.5 Use Eqs. (7.1.4) and (7.2.2) to plot the pulse shapes for C = —1,0, and 1 when

50-ps (FWHM) chirped Gaussian pulses are transmitted over 100 km of standard

fiber with D = 16 ps/(km-nm). Compare the three cases and comment on their

relative merits.

7.6 The prechirp technique is used for dispersion compensation in a 10-Gb/s light-

wave system operating at 1.55 gm and transmitting the 1 bits as chirped Gaussian

pulses of 40 ps width (FWHM). Pulse broadening by up to 50% can be tolerated.

What is the optimum value of the chirp parameter C, and how far can the signal

be transmitted for this optimum value? Use D = 17 ps/(km-nm).

7.7 The prechirp technique in Problem 7.6 is implemented through frequency modu-

lation of the optical carrier. Determine the modulation frequency for a maximum
change of 10% from the average value.

7.8 Repeat Problem 7.7 for the case in which the prechirp technique is implemented

through sinusoidal modulation of the carrier phase.

7.9 The transfer function of an optical filter is given by

H{co) = exp[-(l +ib)co
2
/coj\.

What is the impulse response of this filter? Use Eq. (7.5.1) to find the pulse

shape at the filter output when a Gaussian pulse is launched at the fiber input.

How would you optimize the filter to minimize the effect of fiber dispersion?

7.10 Use the result obtained in Problem 7.9 to compare the pulse shapes before and

after the filter when 30-ps (FWHM) Gaussian pulses are propagated over 100 km
of fiber with = —20 ps

2/km. Assume that the filter bandwidth is the same as

the pulse spectral width and that the filter parameter b is optimized. What is the

optimum value of bl

7.11 Derive Eq. (7.5.3) by considering multiple round trips inside a FP filter whose

back mirror is 100% reflecting.
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7.12 Solve Eqs. (7.6.1) and (7.6.2) and show that the transfer function of a Bragg

grating is indeed given by Eq. (7.6.4).

7.13 Write a computer program to solve Eqs. (7.6.1) and (7.6.2) for chirped fiber

gratings such that both S and k vary with z. Use it to plot the amplitude and

phase of the reflectivity of a grating in which the period varies linearly by 0.01%

over the 10-cm length. Assume kL = 4 and the Bragg wavelength of 1.55 jum at

the input end of the grating.

7.14 Use the dispersion relation q
2 = S2 — k2 of a Bragg grating to show that the

second- and third-order dispersion parameters of the grating are given by Eq.

(7.6.5).

7.15 Explain how a chirped fiber grating compensates for GVD. Derive an expression

for the GVD parameter of such a grating when the grating period varies linearly

by AA over the grating length L.

7.16 Explain how midspan OPC compensates for fiber dispersion. Show that the OPC
process inverts the signal spectrum.

7.17 Prove that both SPM and GVD can be compensated through midspan OPC only

if the fiber loss a = 0. Show also that simultaneous compensation of SPM and

GVD can occur when a ^ 0 if GVD decreases along the fiber length. What is

the optimum GVD profile of such a fiber?

7.18 Prove that the phase conjugator should be located at a distance given in Eq.

(7.7.9) when the frequency coc of the phase-conjugated field does not coincide

with the signal frequency cos .

7.19 Derive the variational equations for the pulse width and chirp using the La-

grangian density given in Eq. (7.8.6).

7.20 Solve the variational equations (7.8.7) and (7.8.8) after setting y= 0 and find the

pulse width and chirp after one map period in terms of their initial values.
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Chapter 8

Multichannel Systems

In principle, the capacity of optical communication systems can exceed 10 Tb/s be-

cause of a large frequency associated with the optical carrier. In practice, however, the

bit rate was limited to 10 Gb/s or less until 1995 because of the limitations imposed by

the dispersive and nonlinear effects and by the speed of electronic components. Since

then, transmission of multiple optical channels over the same fiber has provided a sim-

ple way for extending the system capacity to beyond 1 Tb/s. Channel multiplexing

can be done in the time or the frequency domain through time-division multiplexing

(TDM) and frequency-division multiplexing (FDM), respectively. The TDM and FDM
techniques can also be used in the electrical domain (see Section 1.2.2). To make the

distinction explicit, it is common to refer to the two optical-domain techniques as op-

tical TDM (OTDM) and wavelength-division multiplexing (WDM), respectively. The

development of such multichannel systems attracted considerable attention during the

1990s. In fact, WDM lightwave systems were available commercially by 1996.

This chapter is organized as follows. Sections 8. 1-8.3 are devoted to WDM light-

wave systems by considering in different sections the architectural aspects of such sys-

tems, the optical components needed for their implementation, and the performance

issues such as interchannel crosstalk. In Section 8.4 we focus on the basic concepts

behind OTDM systems and issues related to their practical implementation. Subcarrier

multiplexing, a scheme in which FDM is implemented in the microwave domain, is

discussed in Section 8.5. The technique of code-division multiplexing is the focus of

Section 8.6.

8.1 WDM Lightwave Systems

WDM corresponds to the scheme in which multiple optical carriers at different wave-

lengths are modulated by using independent electrical bit streams (which may them-

selves use TDM and FDM techniques in the electrical domain) and are then transmitted

over the same fiber. The optical signal at the receiver is demultiplexed into separate

channels by using an optical technique. WDM has the potential for exploiting the large

bandwidth offered by optical fibers. For example, hundreds of 10-Gb/s channels can

330
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Figure 8.1: Low-loss transmission windows of silica fibers in the wavelength regions near 1.3

and 1.55 pm. The inset shows the WDM technique schematically.

be transmitted over the same fiber when channel spacing is reduced to below 100 GHz.

Figure 8.1 shows the low-loss transmission windows of optical fibers centered near 1.3

and 1.55 gm. If the OH peak can be eliminated using “dry” fibers, the total capacity of

a WDM system can ultimately exceed 30 Tb/s.

The concept of WDM has been pursued since the first commercial lightwave sys-

tem became available in 1980. In its simplest form, WDM was used to transmit two

channels in different transmission windows of an optical fiber. For example, an ex-

isting 1.3-jUm lightwave system can be upgraded in capacity by adding another chan-

nel near 1.55 gm, resulting in a channel spacing of 250 nm. Considerable attention

was directed during the 1980s toward reducing the channel spacing, and multichannel

systems with a channel spacing of less than 0.1 nm had been demonstrated by 1990

[ 1 ]—[4] . However, it was during the decade of the 1990s that WDM systems were de-

veloped most aggressively [5]—[12]. Commercial WDM systems first appeared around

1995, and their total capacity exceeded 1.6 Tb/s by the year 2000. Several laboratory

experiments demonstrated in 2001 a system capacity of more than 10 Tb/s although

the transmission distance was limited to below 200 km. Clearly, the advent of WDM
has led to a virtual revolution in designing lightwave systems. This section focuses on

WDM systems by classifying them into three categories introduced in Section 5.1.

8.1.1 High-Capacity Point-to-Point Links

For long-haul fiber links forming the backbone or the core of a telecommunication

network, the role ofWDM is simply to increase the total bit rate [14]. Figure 8.2 shows

schematically such a point-to-point, high-capacity, WDM link. The output of several

transmitters, each operating at its own carrier frequency (or wavelength), is multiplexed

together. The multiplexed signal is launched into the optical fiber for transmission to

the other end, where a demultiplexer sends each channel to its own receiver. When N
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Figure 8.2: Multichannel point-to-point fiber link. Separate transmitter-receiver pairs are used

to send and receive the signal at different wavelengths

channels at bit rates B i, Z?2, .

.

and B

n

are transmitted simultaneously over a fiber of

length L, the total bit rate-distance product, BL , becomes

BL= (B
X
+B2 + --- + BN)L. (8.1.1)

For equal bit rates, the system capacity is enhanced by a factor of N. An early experi-

ment in 1985 demonstrated the BL product of 1.37 (Tb/s)-km by transmitting 10 chan-

nels at 2 Gb/s over 68.3 km of standard fiber with a channel spacing of 1.35 nm [3].

The ultimate capacity of WDM fiber links depends on how closely channels can

be packed in the wavelength domain. The minimum channel spacing is limited by

interchannel crosstalk, an issue covered in Section 8.3. Typically, channel spacing Av ch

should exceed 2B at the bit rate B. This requirement wastes considerable bandwidth.

It is common to introduce a measure of the spectral efficiency of a WDM system as

rjs = Z?/Avch. Attempts are made to make as large as possible.

The channel frequencies (or wavelengths) of WDM systems have been standard-

ized by the International Telecommunication Union (ITU) on a 100-GHz grid in the

frequency range 186-196 THz (covering the C and L bands in the wavelength range

1530-1612 nm). For this reason, channel spacing for most commercial WDM systems

is 100 GHz (0.8 nm at 1552 nm). This value leads to only 10% spectral efficiency at the

bit rate of 10 Gb/s. More recently, ITU has specified WDM channels with a frequency

spacing of 50 GHz. The use of this channel spacing in combination with the bit rate of

40 Gb/s has the potential of increasing the spectral efficiency to 80%. WDM systems

were moving in that direction in 2001

.

What is the ultimate capacity ofWDM systems? The low-loss region of the state-

of-the-art “dry” fibers (e.g, fibers with reduced OH-absorption near 1.4 jum) extends

over 300 nm in the wavelength region covering 1.3-1.6 jum (see Fig. 8.1). The min-

imum channel spacing can be as small as 50 GHz or 0.4 nm for 40-Gb/s channels.

Since 750 channels can be accommodated over the 300-nm bandwidth, the resulting

effective bit rate can be as large as 30 Tb/s. If we assume that the WDM signal can be

transmitted over 1000 km by using optical amplifiers with dispersion management, the

effective BL product may exceed 30,000 (Tb/s)-km with the use of WDM technology.
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Table 8.1 High-capacity WDM transmission experiments

Channels

N
Bit Rate

B (Gb/s)

Capacity

NB (Tb/s)

Distance

L (km)

NBL Product

f(Pb/s)-km]

120 20 2.40 6200 14.88

132 20 2.64 120 0.317

160 20 3.20 1500 4.80

82 40 3.28 300 0.984

256 40 10.24 100 1.024

273 40 10.92 117 1.278

This should be contrasted with the third-generation commercial lightwave systems,

which transmitted a single channel over 80 km or so at a bit rate of up to 2.5 Gb/s,

resulting in BL values of at most 0.2 (Tb/s)-km. Clearly, the use ofWDM has the po-

tential of improving the performance of modern lightwave systems by a factor of more

than 100,000.

In practice, many factors limit the use of the entire low-loss window. As seen in

Chapter 6, most optical amplifiers have a finite bandwidth. The number of channels is

often limited by the bandwidth over which amplifiers can provide nearly uniform gain.

The bandwidth of erbium-doped fiber amplifiers is limited to 40 nm even with the use

of gain-flattening techniques (see Section 6.4). The use of Raman amplification has

extended the bandwidth to near 100 nm. Among other factors that limit the number of

channels are (i) stability and tunability of distributed feedback (DFB) semiconductor

lasers, (ii) signal degradation during transmission because of various nonlinear effects,

and (iii) interchannel crosstalk during demultiplexing. High-capacity WDM fiber links

require many high-performance components, such as transmitters integrating multiple

DFB lasers, channel multiplexers and demultiplexers with add-drop capability, and

large-bandwidth constant-gain amplifiers.

Experimental results on WDM systems can be divided into two groups based on

whether the transmission distance is ~ 100 km or exceeds 1000 km. Since the 1985

experiment in which ten 2-Gb/s channels were transmitted over 68 km [3], both the

number of channels and the bit rate of individual channels have increased considerably.

A capacity of 340 Gb/s was demonstrated in 1995 by transmitting 17 channels, each

operating at 20 Gb/s, over 150 km [15]. This was followed within a year by several

experiments that realized a capacity of 1 Tb/s. By 2001, the capacity ofWDM systems

exceeded 10 Tb/s in several laboratory experiments. In one experiment, 273 channels,

spaced 0.4-nm apart and each operating at 40 Gb/s, were transmitted over 117 km
using three in-line amplifiers, resulting in a total bit rate of 1 1 Tb/s and a BL product of

1300 (Tb/s)-km [16]. Table 8.1 lists several WDM transmission experiments in which

the system capacity exceeded 2 Tb/s.

The second group of WDM experiments is concerned with transmission distance

of more than 5000 km for submarine applications. In a 1996 experiment, 100-Gb/s

transmission (20 channels at 5 Gb/s) over 9100 km was realized using the polarization-

scrambling and forward-error-correction techniques [17]. The number of channels was
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later increased to 32, resulting in a 160-Gb/s transmission over 9300 km [18]. In a

2001 experiment, a 2.4-Tb/s WDM signal (120 channels, each operating at 20 Gb/s)

was transmitted over 6200 km, resulting in a NBL product of almost 15 (Pb/s)-km (see

Table 8.1). This should be compared with the first fiber-optic cable laid across the

Atlantic ocean (TAT-8); it operated at 0.27 Gb/s with NBL « 1.5 (Tb/s)-km. The use of

WDM had improved the capacity of undersea systems by a factor of 10,000 by 2001.

On the commercial side, WDM systems with a capacity of 40 Gb/s (16 channels at

2.5 Gb/s or 4 channels at 10 Gb/s) were available in 1996. The 16-channel system cov-

ered a wavelength range of about 12 nm in the 1.55-jitm region with a channel spacing

of 0.8 nm. WDM fiber links operating at 160 Gb/s (16 channels at 10 Gb/s) appeared

in 1998. By 2001, WDM systems with a capacity of 1.6 Tb/s (realized by multiplexing

160 channels, each operating at 10 Gb/s) were available. Moreover, systems with a 6.4-

Tb/s capacity were in the development stage (160 channels at 40 Gb/s). This should be

contrasted with the 10-Gb/s capacity of the third-generation systems available before

the advent of the WDM technique. The use of WDM had improved the capacity of

commercial terrestrial systems by a factor of more than 6000 by 2001.

8.1.2 Wide-Area and Metro-Area Networks

Optical networks, as discussed in Section 5.1, are used to connect a large group of

users spread over a geographical area. They can be classified as a local-area network

(LAN), metropolitan-area network (MAN), or a wide-area network (WAN) depending

on the area they cover [6]—[1 1]. All three types of networks can benefit from the WDM
technology. They can be designed using the hub, ring, or star topology. A ring topology

is most practical for MANs and WANs, while the star topology is commonly used for

LANs. At the LAN level, a broadcast star is used to combine multiple channels. At the

next level, several LANs are connected to a MAN by using passive wavelength routing.

At the highest level, several MANs connect to a WAN whose nodes are interconnected

in a mesh topology. At the WAN level, the network makes extensive use of switches

and wavelength-shifting devices so that it is dynamically configurable.

Consider first a WAN covering a wide area (e.g., a country). Historically, telecom-

munication and computer networks (such as the Internet) occupying the entire U.S. ge-

ographical region have used a hub topology shown schematically in Fig. 8.3. Such net-

works are often called mesh networks (19]. Hubs or nodes located in large metropoli-

tan areas house electronic switches, which connect any two nodes either by creating

a “virtual circuit” between them or by using packet switching through protocols such

as TCP/IP (transmission control protocol/Internet protocol) and asynchronous transfer

mode (ATM). With the advent of WDM during the 1990s, the nodes were connected

through point-to-point WDM links, but the switching was being done electronically

even in 2001. Such transport networks are termed “opaque” networks because they

require optical-to-electronic conversion. As a result, neither the bit rate nor the modu-

lation format can be changed without changing the switching equipment.

An all-optical network in which a WDM signal can pass through multiple nodes

(possibly modified by adding or dropping certain channels) is called optically “trans-

parent.” TransparentWDM networks are desirable as they do not require demultiplex-

ing and optical-to-electronic conversion of all WDM channels. As a result, they are
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Figure 8.3: An example of a wide-area network in the form of several interconnected SONET
rings. (After Ref. [19]; ©2000 IEEE; reproduced with permission.)

not limited by the electronic-speed bottleneck and may help in reducing the cost of

installing and maintaining the network. The nodes in a transparentWDM network (see

Fig. 8.3) switch channels using optical cross-connects. Such devices were still in their

infancy in 2001.

An alternative topology implements a regional WDM network in the form of sev-

eral interconnected rings. Figure 8.4 shows such a scheme schematically [20]. The

feeder ring connects to the backbone of the network through an egress node. This ring

employs four fibers to ensure robustness. Two of the fibers are used to route the data in

the clockwise and counterclockwise directions. The other two fibers are called protec-

tion fibers and are used in case a point-to-point link fails (self-healing). The feeder ring

supplies data to several other rings through access nodes. An add-drop multiplexer can

be used at all nodes to drop and to add individual WDM channels. Dropped channels

can be distributed to users using bus, tree, or ring networks. Notice that nodes are not

always directly connected and require data transfer at multiple hubs. Such networks

are called multihop networks.

Metro networks or MANs connect several central offices within a metropolitan

area. The ring topology is also used for such networks. The main difference from the

ring shown in Fig. 8.4 stems from the scaling and cost considerations. The traffic flows

in a metro ring at a modest bit rate compared with a WAN ring forming the backbone

of a nationwide network. Typically, each channel operates at 2.5 Gb/s. To reduce the

cost, a coarse WDM technique is used (in place of dense WDM common in the back-

bone rings) by using a channel spacing in the 2- to 10-nm range. Moreover, often just

two fibers are used inside the ring, one for carrying the data and the other for pro-

tecting against a failure. Most metro networks were using electrical switching in 2001

although optical switching is the ultimate goal. In a test-bed implementation of an opti-

cally switched metro network, called the multiwavelength optical network (MONET),

several sites within the Washington, DC, area of the United States were connected us-
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Figure 8.4: A WDM network with a feeder ring connected to several local distribution networks.

(After Ref. [20]; ©1999 IEEE; reproduced with permission.)

ing a set of eight standard wavelengths in the 1.55-jLtm region with a channel spacing

of 200 GHz [21]. MONET incorporated diverse switching technologies [synchronous

digital hierarchy (SDH), asynchronous transfer mode (ATM), etc.] into an all-optical

ring network using cross-connect switches based on the LiNbO 3 technology.

8.1.3 Multiple-Access WDM Networks

Multiple-access networks offer a random bidirectional access to each subscriber. Each

user can receive and transmit information to any other user of the network at all times.

Telephone networks provide one example; they are known as subscriber loop, local-

loop, or access networks. Another example is provided by the Internet used for con-

necting multiple computers. In 2001, both the local-loop and computer networks were

using electrical techniques to provide bidirectional access through circuit or packet

switching. The main limitation of such techniques is that each node on the network

must be capable of processing the entire network traffic. Since it is difficult to achieve

electronic processing speeds in excess of 10 Gb/s, such networks are inherently limited

by the electronics.

The use ofWDM permits a novel approach in which the channel wavelength itself

can be used for switching, routing, or distributing each channel to its destination, re-

sulting in an all-optical network. Since wavelength is used for multiple access, such

a WDM approach is referred to as wavelength-division multiple access (WDMA). A
considerable amount of research and development work was done during the 1990s for

developing WDMA networks [22]—[26]. Broadly speaking, WDMA networks can be

classified into two categories, called single-hop and multihop all-optical networks [6].

Every node is directly connected to all other nodes in a single-hop network, resulting

in a fully connected network. In contrast, multihop networks are only partially con-



8.1. WDM LIGHTWAVE SYSTEMS 337

NODE #t

Figure 8.5: Schematic of the Lambdanet with N nodes. Each node consists of one transmitter

and N receivers. (After Ref. [28]; ©1990 IEEE; reprinted with permission.)

nected such that an optical signal sent by one node may require several hops through

intermediate nodes before reaching its destination. In each category, transmitters and

receivers can have their operating frequencies either fixed or tunable.

Several architectures can be used for all-optical multihop networks [6]— [ 1 1]. Hy-

percube architecture provides one example—it has been used for interconnecting mul-

tiple processors in a supercomputer [27]. The hypercube configuration can be easily

visualized in three dimensions such that eight nodes are located at eight corners of a

simple cube. In general, the number of nodes N must be of the form 2 m , where m is

the dimensionality of the hypercube. Each node is connected to m different nodes. The

maximum number of hops is limited to m, while the average number of hops is about

m/2 for large N. Each node requires m receivers. The number of receivers can be

reduced by using a variant, known as the deBruijn network , but it requires more than

m/2 hops on average. Another example of a multihop WDM network is provided by

the shuffle network or its bidirectional equivalent—the Banyan network.

Figure 8.5 shows an example of the single-hop WDM network based on the use

of a broadcast star. This network, called the Lambdanet [28], is an example of the

broadcast-and-select network. The new feature of the Lambdanet is that each node

is equipped with one transmitter emitting at a unique wavelength and N receivers op-

erating at the N wavelengths, where N is the number of nodes. The output of all

transmitters is combined in a passive star and distributed to all receivers equally. Each

node receives the entire traffic flowing across the network. A tunable optical filter can

be used to select the desired channel. In the case of the Lambdanet, each node uses a

bank of receivers in place of a tunable filter. This feature creates a nonblocking net-

work whose capacity and connectivity can be reconfigured electronically depending

on the application. The network is also transparent to the bit rate or the modulation

format. Different users can transmit data at different bit rates with different modulation

formats. The flexibility of the Lambdanet makes it suitable for many applications. The

main drawback of the Lambdanet is that the number of users is limited by the number
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Figure 8.6: Passive photonic loop for local-loop applications. (After Ref. [31]; ©1988 IEE;

reprinted with permission.)

of available wavelengths. Moreover, each node requires many receivers (equal to the

number of nodes), resulting in a considerable investment in hardware costs.

A tunable receiver can reduce the cost and complexity of the Lambdanet. This is

the approach adopted for the Rainbow network [29]. This network can support up to

32 nodes, each of which can transmit 1-Gb/s signals over 10-20 km. It makes use of a

central passive star (see Fig. 8.5) together with the high-performance parallel interface

for connecting multiple computers. A tunable optical filter is used to select the unique

wavelength associated with each node. The main shortcoming of the Rainbow network

is that tuning of receivers is a relatively slow process, making it difficult to use packet

switching. An example of the WDM network that uses packet switching is provided by

the Starnet. It can transmit data at bit rates of up to 1.25 Gb/s per node over a 10-km

diameter while maintaining a signal-to-noise ratio (SNR) close to 24 dB [30].

WDM networks making use of a passive star coupler are often called passive op-

tical networks (PONs) because they avoid active switching. PONs have the potential

for bringing optical fibers to the home (or at least to the curb). In one scheme, called

a passive photonic loop [31], multiple wavelengths are used for routing signals in the

local loop. Figure 8.6 shows a block diagram of such a network. The central office

contains N transmitters emitting at wavelengths Ai, A2, • • • , Aw and N receivers operat-

ing at wavelengths A^v+i , . .
. ,

for a network ofN subscribers. The signals to each

subscriber are carried on separate wavelengths in each direction. A remote node mul-

tiplexes signals from the subscribers to send the combined signal to the central office.

It also demultiplexes signals for individual subscribers. The remote node is passive

and requires little maintenance if passive WDM components are used. A switch at the

central office routes signals depending on their wavelengths.

The design of access networks for telecommunication applications was still evolv-

ing in 2001 [26]. The goal is to provide broadband access to each user and to deliver

audio, video, and data channels on demand, while keeping the cost down. Indeed,

many low-cost WDM components are being developed for this purpose. A technique

known as spectral slicing uses the broad emission spectrum of an LED to provide mul-

tiple WDM channels inexpensively. A waveguide-grating router (WGR) can be used

for wavelength routing. Spectral slicing and WGR devices are discussed in the next

section devoted to WDM components.
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Figure 8.7: Channel selection through a tunable optical filter.

8.2 WDM Components

The implementation of WDM technology for fiber-optic communication systems re-

quires several new optical components. Among them are multiplexers, which combine

the output of several transmitters and launch it into an optical fiber (see Fig. 8.2);

demultiplexers which split the received multichannel signal into individual channels

destined to different receivers; star couplers which mix the output of several transmit-

ters and broadcast the mixed signal to multiple receivers (see Fig. 8.5); tunable optical

filters which filter out one channel at a specific wavelength that can be changed by

tuning the passband of the optical filter; multiwavelength optical transmitters whose

wavelength can be tuned over a few nanometers; add-drop multiplexers and WGRs
which can distribute the WDM signal to different ports; and wavelength shifters which

switch the channel wavelength. This section focuses on all such WDM components.

8.2.1 Tunable Optical Filters

It is instructive to consider optical filters first since they are often the building blocks

of more complex WDM components. The role of a tunable optical filter in a WDM
system is to select a desired channel at the receiver. Figure 8.7 shows the selection

mechanism schematically. The filter bandwidth must be large enough to transmit the

desired channel but, at the same time, small enough to block the neighboring channels.

All optical filters require a wavelength-selective mechanism and can be classified

into two broad categories depending on whether optical interference or diffraction is

the underlying physical mechanism. Each category can be further subdivided accord-

ing to the scheme adopted. In this section we consider four kinds of optical filters;

Fig. 8.8 shows an example of each kind. The desirable properties of a tunable opti-

cal filter include: (1) wide tuning range to maximize the number of channels that can

be selected, (2) negligible crosstalk to avoid interference from adjacent channels, (3)

fast tuning speed to minimize the access time, (4) small insertion loss, (5) polariza-

tion insensitivity, (6) stability against environmental changes (humidity, temperature,

vibrations, etc.), and (7) last but not the least, low cost.
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Figure 8.8: Four kinds of filters based on various interferometric and diffractive devices: (a)

Fabry-Perot filter; (b) Mach-Zehnder filter; (c) grating-based Michelson filter; (d) acousto-optic

filter. The shaded area represents a surface acoustic wave.

A Fabry-Perot (FP) interferometer—a cavity formed by using two mirrors—can act

as a tunable optical filter if its length is controlled electronically by using a piezoelec-

tric transducer [see Fig. 8.8(a)]. The transmittivity of a FP filter peaks at wavelengths

that correspond to the longitudinal-mode frequencies given in Eq. (3.3.5). Hence, the

frequency spacing between two successive transmission peaks, known as thefree spec-

tral range , is given by

Avl = c/{2ngL) ,
(8.2.1)

where ng is the group index of the intracavity material for a FP filter of length L.

If the filter is designed to pass a single channel (see Fig. 8.7), the combined band-

width of the multichannel signal, Avsig = AAvch = NB/r\s , must be less than Avl,
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where N is the number of channels, tj s is the spectral efficiency, and B is the bit rate.

At the same time, the filter bandwidth Avpp (the width of the transmission peak in

Fig. 8.7) should be large enough to pass the entire frequency contents of the selected

channel. Typically, Avpp ~ B. The number of channels is thus limited by

N < 77,(Avl/Avfp )
= r\sF, (8.2.2)

where F = Avl/Avfp is the finesse of the FP filter. The concept of finesse is well

known in the theory of FP interferometers [32]. If internal losses are neglected, the

finesse is given by F = ny/R/ ( 1 —R) and is determined solely by the mirror reflectivity

R , assumed to be the same for both mirrors [32].

Equation (8.2.2) provides a remarkably simple condition for the number of chan-

nels that a FP filter can resolve. As an example, if rj s = a FP filter with 99% reflecting

mirrors can select up to 104 channels. Channel selection is made by changing the fil-

ter length L electronically. The length needs to be changed by only a fraction of the

wavelength to tune the filter. The filter length L itself is determined from Eq. (8.2.1)

together with the condition Av^ > Avs ig
. As an example, for a 10-channelWDM signal

with 0.8-nm channel spacing, Av sig ~ 1 THz. If ng = 1.5 is used for the group index,

L should be smaller than 100 fim. Such a short length together with the requirement

of high mirror reflectivities underscores the complexity of the design of FP filters for

WDM applications.

A practical all-fiber design of FP filters uses the air gap between two optical fibers

(see Fig. 8.8). The two fiber ends forming the gap are coated to act as high-reflectivity

mirrors [33]. The entire structure is enclosed in a piezoelectric chamber so that the gap

length can be changed electronically for tuning and selecting a specific channel. The

advantage of fiber FP filters is that they can be integrated within the system without

incurring coupling losses. Such filters were used in commercialWDM fiber links start-

ing in 1996. The number of channels is typically limited to below 100 (F « 155 for the

98% mirror reflectivity) but can be increased using two FP filters in tandem. Although

tuning is relatively slow because of the mechanical nature of the tuning mechanism, it

suffices for some applications.

Tunable FP filters can also be made using several other materials such as liquid

crystals and semiconductor waveguides [34]—[39] . Fiquid-crystal-based filters make

use of the anisotropic nature of liquid crystals that makes it possible to change the

refractive index electronically. A FP cavity is still formed by enclosing the liquid-

crystal material within two high-reflectivity mirrors, but the tuning is done by changing

the refractive index rather than the cavity length. Such FP filters can provide high

finesse (F ~ 300) with a bandwidth of about 0.2 nm [34]. They can be tuned electrically

over 50 nm, but switching time is typically ~ 1 ms or more when nematic liquid crystals

are used. It can be reduced to below 10 /is by using smectic liquid crystals [35].

Thin dielectric films are commonly used for making narrow-band interference fil-

ters [36]. The basic idea is quite simple. A stack of suitably designed thin films acts

as a high-reflectivity mirror. If two such mirrors are separated by a spacer dielectric

layer, a FP cavity is formed that acts as an optical filter. The bandpass response can

be tailored for a multicavity filter formed by using multiple thin-film mirrors separated

by several spacer layers. Tuning can be realized in several different ways. In one ap-

proach, an InGaAsP/InP waveguide permits electronic tuning [37]. Silicon-based FP
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filters can be tuned using thermo-optic tuning [38]. Micromechanical tuning has also

been used for InAlGaAs-based FP filters [39]. Such filters exhibited a tuning range of

40 nm with < 0.35 nm bandwidth in the 1.55-jum region.

A chain of Mach-Zehnder (MZ) interferometers can also be used for making a

tunable optical filter. A MZ interferometer can be constructed simply by connecting

the two output ports of a 3-dB coupler to the two input ports of another 3-dB coupler

[see Fig. 8.8(b)]. The first coupler splits the input signal equally into two parts, which

acquire different phase shifts (if the arm lengths are made different) before they inter-

fere at the second coupler. Since the relative phase shift is wavelength dependent, the

transmittivity T(v) is also wavelength dependent. In fact, we can use Eq. (7.5.5) to

find that T(v) = \H(v)\ 2 = cos2 (7TVt), where v = co/2n is the frequency and T is the

relative delay in the two arms of the MZ interferometer [40]. A cascaded chain of such

MZ interferometers with relative delays adjusted suitably acts as an optical filter that

can be tuned by changing the arm lengths slightly. Mathematically, the transmittivity

of a chain ofM such interferometers is given by

M
t(v) =

|^[
cos

2
(;rvTm ), (8.2.3)

m= 1

where Tm is the relative delay in the rath member of the chain.

A commonly used method implements the relative delays Tm such that each MZ
stage blocks the alternate channels successively. This scheme requires zm = (2

mAvch)
_1

for a channel spacing of Avch- The resulting transmittivity of a 10-stage MZ chain has

channel selectivity as good as that offered by a FP filter having a finesse of 1600. More-

over, such a filter is capable of selecting closely spaced channels. The MZ chain can

be built by using fiber couplers or by using silica waveguides on a silicon substrate.

The silica-on-silicon technology was exploited extensively during the 1990s to make

many WDM components. Such devices are referred to as planar lightwave circuits be-

cause they use planar optical waveguides formed on a silicon substrate [41]—[45] . The

underlying technology is sometimes called the silicon optical-bench technology [44].

Tuning in MZ filters is realized through a chromium heater deposited on one arm of

eachMZ interferometer (see Fig. 7.7). Since the tuning mechanism is thermal, it results

in a slow response with a switching time of about 1 ms.

A separate class of tunable optical filters makes use of the wavelength selectiv-

ity provided by a Bragg grating. Fiber Bragg gratings provide a simple example of

grating-based optical filters [46]; such filters have been discussed in Section 7.6. In its

simplest form, a fiber grating acts as a reflection filter whose central wavelength can

be controlled by changing the grating period, and whose bandwidth can be tailored by

changing the grating strength or by chirping the grating period slightly. The reflective

nature of fiber gratings is often a limitation in practice and requires the use of an op-

tical circulator. A phase shift in the middle of the grating can convert a fiber grating

into a narrowband transmission filter [47] . Many other schemes can be used to make

transmission filters based on fiber gratings. In one approach, fiber gratings are used

as mirrors of a FP filter, resulting in transmission filters whose free spectral range can

vary over a wide range 0. 1-10 nm [48]. In another design, a grating is inserted in each

arm of a MZ interferometer to provide a transmission filter [46]. Other kinds of in-
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terferometers, such as the Sagnac and Michelson interferometers , can also be used to

realize transmission filters. Figure 8.8(c) shows an example of the Michelson interfer-

ometer made by using a 3-dB fiber coupler and two fiber gratings acting as mirrors for

the two arms of the Michelson interferometer [49]. Most of these schemes can also be

implemented in the form of a planar lightwave circuit by forming silica waveguides on

a silicon substrate.

Many other grating-based filters have been developed forWDM systems [50]—[54]

.

In one scheme, borrowed from the DFB -laser technology, the InGaAsP/InP material

system is used to form planar waveguides functioning near 1.55 fim. The wavelength

selectivity is provided by a built-in grating whose Bragg wavelength is tuned elec-

trically through electrorefraction [50]. A phase-control section, similar to that used

for multisegment DFB lasers, have also been used to tune distributed Bragg reflector

(DBR) filters. Multiple gratings, each tunable independently, can also be used to make

tunable filters [51]. Such filters can be tuned quickly (in a few nanoseconds) and can

be designed to provide net gain since one or more amplifiers can be integrated with the

filter. They can also be integrated with the receiver, as they use the same semiconductor

material. These two properties of InGaAsP/InP filters make them quite attractive for

WDM applications.

In another class of tunable filters, the grating is formed dynamically by using acous-

tic waves. Such filters, called acousto-optic filters, exhibit a wide tuning range (>
100 nm) and are quite suitable for WDM applications [55]-[58]. The physical mech-

anism behind the operation of acousto-optic filters is the photoelastic effect through

which an acoustic wave propagating through an acousto-optic material creates peri-

odic changes in the refractive index (corresponding to the regions of local compression

and rarefaction). In effect, the acoustic wave creates a periodic index grating that can

diffract an optical beam. The wavelength selectivity stems from this acoustically in-

duced grating. When a transverse electric (TE) wave with the propagation vector k

is diffracted from this grating, its polarization can be changed from TE to transverse

magnetic (TM) if the phase-matching condition k 7 = k± Ka is satisfied, where k7

and

Ka are the wave vectors associated with the TM and acoustic waves, respectively.

Acousto-optic tunable filters can be made by using bulk components as well as

waveguides, and both kinds are available commercially. For WDM applications, the

LiNb03 waveguide technology is often used since it can produce compact, polarization-

independent, acousto-optic filters with a bandwidth of about 1 nm and a tuning range

over 100 nm [56]. The basic design, shown schematically in Fig. 8.8(d), uses two po-

larization beam splitters, two LiNb03 waveguides, a surface-acoustic-wave transducer,

all integrated on the same substrate. The incident WDM signal is split into its orthog-

onally polarized components by the first beam splitter. The channel whose wavelength

A satisfies the Bragg condition A = (An)Aa is directed to a different output port by

the second beam splitter because of an acoustically induced change in its polarization

direction; all other channels go to the other output port. The TE-TM index difference

An is about 0.07 in LiNbC> 3 . Near A = 1.55 gm, the acoustic wavelength Aa should

be about 22 pm. This value corresponds to a frequency of about 170 MHz if we use

the acoustic velocity of 3.75 km/s for LiNb03 . Such a frequency can be easily applied.

Moreover, its exact value can be changed electronically to change the wavelength that

satisfies the Bragg condition. Tuning is relatively fast because of its electronic nature
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and can be accomplished in a switching time of less than 10 /is. Acousto-optic tunable

filters are also suitable for wavelength routing and optical cross-connect applications

in dense WDM systems.

Another category of tunable optical filters operates on the principle of amplification

of a selected channel. Any amplifier with a gain bandwidth smaller than the channel

spacing can be used as an optical filter. Tuning is realized by changing the wavelength

at which the gain peak occurs. Stimulated Brillouin scattering (SBS), occurring nat-

urally in silica fibers [59], can be used for selective amplification of one channel, but

the gain bandwidth is quite small (< 100 MHz). The SBS phenomenon involves in-

teraction between the optical and acoustic waves and is governed by a phase-matching

condition similar to that found for acousto-optic filters. As discussed in Section 2.6,

SBS occurs only in the backward direction and results in a frequency shift of about

10 GHz in the 1.55-jUm region.

To use the SBS amplification as a tunable optical filter, a continuous-wave (CW)
pump beam is launched at the receiver end of the optical fiber in a direction opposite to

that of the multichannel signal, and the pump wavelength is tuned to select the channel.

The pump beam transfers a part of its energy to a channel down-shifted from the pump
frequency by exactly the Brillouin shift. A tunable pump laser is a prerequisite for

this scheme. The bit rate of each channel is even then limited to 100 MHz or so. In a

1989 experiment in which a 128-channel WDM network was simulated by using two

8x8 star couplers [60], a 150-Mb/s channel could be selected with a channel spacing

as small as 1.5 GHz.

Semiconductor optical amplifiers (SOAs) can also be used for channel selection

provided that a DFB structure is used to narrow the gain bandwidth [61]. A built-in

grating can easily provide a filter bandwidth below 1 nm. Tuning is achieved using a

phase-control section in combination with a shift of Bragg wavelength through elec-

trorefraction. In fact, such amplifiers are nothing but multisection semiconductor lasers

(see Section 3.4.3) with antireflection coatings. In one experimental demonstration,

two channels operating at 1 Gb/s and separated by 0.23 nm could be separated by se-

lective amplification (> 10 dB) of one channel [62]. Four-wave mixing in an SOA
can also be used to form a tunable filter whose center wavelength is determined by the

pump laser [63].

8.2.2 Multiplexers and Demultiplexers

Multiplexers and demultiplexers are the essential components of a WDM system. Sim-

ilar to the case of optical filters, demultiplexers require a wavelength-selective mecha-

nism and can be classified into two broad categories. Diffraction-based demultiplexers

use an angularly dispersive element, such as a diffraction grating, which disperses in-

cident light spatially into various wavelength components. Interference-based demul-

tiplexers make use of devices such as optical filters and directional couplers. In both

cases, the same device can be used as a multiplexer or a demultiplexer, depending on

the direction of propagation, because of the inherent reciprocity of optical waves in

dielectric media.

Grating-based demultiplexers use the phenomenon of Bragg diffraction from an

optical grating [64]—[67]. Figure 8.9 shows the design of two such demultiplexers. The
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Figure 8.9: Grating-based demultiplexer making use of (a) a conventional lens and (b) a graded-

index lens.

input WDM signal is focused onto a reflection grating, which separates various wave-

length components spatially, and a lens focuses them onto individual fibers. Use of a

graded-index lens simplifies alignment and provides a relatively compact device. The

focusing lens can be eliminated altogether by using a concave grating. For a compact

design, the concave grating can be integrated within a silicon slab waveguide [1]. In a

different approach, multiple elliptical Bragg gratings are etched using the silicon tech-

nology [64]. The idea behind this approach is simple. If the input and output fibers

are placed at the two foci of the elliptical grating, and the grating period A is adjusted

to a specific wavelength Ao by using the Bragg condition 2Arc eff = Ao, where neff is

the effective index of the waveguide mode, the grating would selectively reflect that

wavelength and focus it onto the output fiber. Multiple gratings need to be etched, as

each grating reflects only one wavelength. Because of the complexity of such a device,

a single concave grating etched directly onto a silica waveguide is more practical. Such

a grating can be designed to demultiplex up to 120 channels with a wavelength spacing

of 0.3 nm [66].

A problem with grating demultiplexers is that their bandpass characteristics depend

on the dimensions of the input and output fibers. In particular, the core size of output

fibers must be large to ensure a flat passband and low insertion losses. For this rea-

son, most early designs of multiplexers used multimode fibers. In a 1991 design, a

microlens array was used to solve this problem and to demonstrate a 32-channel multi-

plexer for single-mode fiber applications [68]. The fiber array was produced by fixing

single-mode fibers in V-shaped grooves etched into a silicon wafer. The microlens

transforms the relatively small mode diameter of fibers (~ 10 gm) into a much wider

diameter (about 80 fim) just beyond the lens. This scheme provides a multiplexer that

can work with channels spaced by only 1 nm in the wavelength region near 1.55 gm
while accommodating a channel bandwidth of 0.7 nm.

Filter-based demultiplexers use the phenomenon of optical interference to select
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Figure 8.10: Layout of an integrated four-channel waveguide multiplexer based on Mach-

Zehnder interferometers. (After Ref. [69]; ©1988 IEEE; reprinted with permission.)

the wavelength [1]. Demultiplexers based on the MZ filter have attracted the most

attention. Similar to the case of a tunable optical filter, several MZ interferometers

are combined to form a WDM demultiplexer [69]—[71]. A 128-channel multiplexer

fabricated with the silica-waveguide technology was fabricated by 1989 [70]. Figure

8.10 illustrates the basic concept by showing the layout of a four-channel multiplexer.

It consists of three MZ interferometers. One arm of each MZ interferometer is made

longer than the other to provide a wavelength-dependent phase shift between the two

arms. The path-length difference is chosen such that the total input power from two in-

put ports at different wavelengths appears at only one output port. The whole structure

can be fabricated on a silicone substrate using Si02 waveguides in the form of a planar

lightwave circuit.

Fiber Bragg gratings can also be used for making all-fiber demultiplexers. In one

approach, a 1 x N fiber coupler is converted into a demultiplexer by forming a phase-

shifted grating at the end of each output port, opening a narrowband transmission win-

dow (~ 0.1 nm) within the stop band [47]. The position of this window is varied by

changing the amount of phase shift so that each arm of the IxN fiber coupler transmits

only one channel. The fiber-grating technology can be applied to form Bragg gratings

directly on a planar silica waveguide. This approach has attracted attention since it per-

mits integration of Bragg gratings within planar lightwave circuits. Such gratings were

incorporated in an asymmetric MZ interferometer (unequal arm lengths) resulting in a

compact multiplexer [72].

It is possible to construct multiplexers by using multiple directional couplers. The

basic scheme is similar to that shown in Fig. 8.10 but simpler as MZ interferometers

are not used. Furthermore, an all-fiber multiplexer made by using fiber couplers avoids

coupling losses that occur whenever light is coupled into or out of an optical fiber. A
fused biconical taper can also be used for making fiber couplers [73]. Multiplexers

based on fiber couplers can be used only when channel spacing is relatively large (>

10 nm) and are thus suitable mostly for coarse WDM applications.

From the standpoint of system design, integrated demultiplexers with low insertion

losses are preferred. An interesting approach uses a phased array of optical waveguides
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Figure 8.11: Schematic of a waveguide-grating demultiplexer consisting of an array of wave-

guides between two free-propagation regions (FPR). (After Ref. [74]; ©1996 IEEE; reprinted

with permission.)

that acts as a grating. Such gratings are called arrayed waveguide gratings (AWGs) and

have attracted considerable attention because they can be fabricated using the silicon,

InP, or LiNbOs technology [74]—[81]. In the case of silica-on-silicon technology, they

are useful for making planar lightwave circuits [79]. AWGs can be used for a variety

ofWDM applications and are discussed later in the context ofWDM routers.

Figure 8.11 shows the design of a waveguide-grating demultiplexer, also known

as a phased-array demultiplexer [74]. The incoming WDM signal is coupled into an

array of planar waveguides after passing through a free-propagation region in the form

of a lens. In each waveguide, the WDM signal experiences a different phase shift

because of different lengths of waveguides. Moreover, the phase shifts are wavelength

dependent because of the frequency dependence of the mode-propagation constant.

As a result, different channels focus to different output waveguides when the light

exiting from the array diffracts in another free-propagation region. The net result is

that the WDM signal is demultiplexed into individual channels. Such demultiplexers

were developed during the 1990s and became available commercially by 1999. They

are able to resolve up to 256 channels with spacing as small as 0.2 nm. A combination

of several suitably designed AWGs can increase the number of channels to more than

1000 while maintaining a 10-GHz resolution [82].

The performance of multiplexers is judged mainly by the amount of insertion loss

for each channel. The performance criterion for demultiplexers is more stringent. First,

the performance of a demultiplexer should be insensitive to the polarization of the

incident WDM signal. Second, a demultiplexer should separate each channel without

any leakage from the neighboring channels. In practice, some power leakage is likely to

occur, especially in the case of dense WDM systems with small interchannel spacing.

Such power leakage is referred to as crosstalk and should be quite small (< —20 dB)

for a satisfactory system performance. The issue of interchannel crosstalk is discussed

in Section 8.3.
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(a)

Figure 8.12: (a) A generic add-drop multiplexer based on optical switches (OS); (b) an add-

drop filter made with a Mach-Zehnder interferometer and two identical fiber gratings.

8.2.3 Add-Drop Multiplexers

Add-drop multiplexers are needed for wide-area and metro-area networks in which

one or more channels need to be dropped or added while preserving the integrity of

other channels. Figure 8.12(a) shows a generic add-drop multiplexer schematically; it

houses a bank of optical switches between a demultiplexer-multiplexer pair. The de-

multiplexer separates all channels, optical switches drop, add, or pass individual chan-

nels, and the multiplexer combines the entire signal back again. Any demultiplexer

design discussed in the preceding subsection can be used to make add-drop multiplex-

ers. It is even possible to amplify the WDM signal and equalize the channel powers

at the add-drop multiplexer since each channel can be individually controlled [83].

The new component in such multiplexers is the optical switch, which can be made us-

ing a variety of technologies including LiNbC>3 and InGaAsP waveguides. We discuss

optical switches later in this section.

If a single channel needs to be demultiplexed, and no active control of individual

channels is required, one can use a much simpler multiport device designed to send a

single channel to one port while all other channels are transferred to another port. Such

devices avoid the need for demultiplexing all channels and are called add-drop filters

because they filter out a specific channel without affecting the WDM signal. If only a

small portion of the channel power is filtered out, such a device acts as an “optical tap”

as it leaves the contents of the WDM signal intact.
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Several kinds of add-drop filters have been developed since the advent of WDM
technology [84]—[94] . The simplest scheme uses a series of interconnected directional

couplers, forming a MZ chain similar to that of a MZ filter discussed earlier. However,

in contrast with the MZ filter of Section 8.2.1, the relative delay Tm in Eq. (8.2.3) is

made the same for each MZ interferometer. Such a device is sometimes referred to as

a resonant coupler because it resonantly couples out a specific wavelength channel to

one output port while the remainder of the channels appear at the other output port. Its

performance can be optimized by controlling the coupling ratios of various directional

couplers [86]. Although resonant couplers can be implemented in an all-fiber con-

figuration using fiber couplers, the silica-on-silicon waveguide technology provides a

compact alternative for designing such add-drop filters [87].

The wavelength selectivity of Bragg gratings can also be used to make add-drop

filters. In one approach, referred to as the grating-assisted directional coupler, a Bragg

grating is fabricated in the middle of a directional coupler [93]. Such devices can

be made in a compact form using InGaAsP/lnP or silica waveguides. However, an all-

fiber device is often preferred for avoiding coupling losses. In a common approach, two

identical Bragg gratings are formed on the two arms of aMZ interferometer made using

two 3-dB fiber couplers. The operation of such an add-drop filter can be understood

from Fig. 8.12(b). Assume that the WDM signal is incident on port 1 of the filter. The

channel, whose wavelength Xg falls within the stop band of the two identical Bragg

gratings, is totally reflected and appears at port 2. The remaining channels are not

affected by the gratings and appear at port 4. The same device can add a channel at

the wavelength Xg if the signal at that wavelength is injected from port 3. If the add

and drop operations are performed simultaneously, it is important to make the gratings

highly reflecting (close to 100%) to minimize the crosstalk. As early as 1995, such

an all-fiber, add-drop filter exhibited the drop-off efficiency of more than 99%, while

keeping the crosstalk level below 1% [88]. The crosstalk can be reduced below —50 dB
by cascading several such devices [89].

Several other schemes use gratings to make add-drop filters. In one scheme, a

waveguide with a built-in, phase-shifted grating is used to add or drop one channel from

a WDM signal propagating in a neighboring waveguide [84] . In another, two identical

AWGs are connected in series such that an optical amplifier connects each output port

of one with the corresponding input port of the another [85]. The gain of amplifiers

is adjusted such that only the channel to be dropped experiences amplification when

passing through the device. Such a device is close to the generic add-drop multiplexer

shown in Fig. 8.12(a) with the only difference that optical switches are replaced with

optical amplifiers.

In another category of add-drop filters, optical circulators are used in combination

with a fiber grating [92]. Such a device is simple in design and can be made by connect-

ing each end of a fiber grating to a 3 -port optical circulator. The channel reflected by

the grating appears at the unused port of the input-end circulator. The same-wavelength

channel can be added by injecting it from the output-end circulator. The device can also

be made by using only one circulator provided it has more than three ports. Figure 8.13

shows two such schemes [94]. Scheme (a) uses a six-port circulator. The WDM signal

entering from port 1 exits from port 2 and passes through a Bragg grating. The dropped

channel appears at port 3 while the remaining channels re-enter the circulator at port 5
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Figure 8.13: (a) Two designs of add-drop multiplexers using a single optical circulator in com-

bination with fiber gratings. (After Ref. [94]; ©2001 IEEE; reprinted with permission.)

and leave the device from port 6. The channel to be added enters from port 4. Scheme

(b) works in a similar way but uses two identical gratings to reduce the crosstalk level.

Many other variants are possible.

8.2.4 Star Couplers

The role of a star coupler, as seen in Fig. 8.5, is to combine the optical signals entering

from its multiple input ports and divide it equally among its output ports. In contrast

with demultiplexers, star couplers do not contain wavelength-selective elements, as

they do not attempt to separate individual channels. The number of input and output

ports need not be the same. For example, in the case of video distribution, a relatively

small number of video channels (say 100) may be sent to thousands of subscribers.

The number of input and output ports is generally the same for the broadcast-and-select

LANs in which each user wishes to receive all channels (see Fig. 8.5). Such a passive

star coupler is referred to as anN x N broadcast star, whereN is the number of input (or

output) ports. A reflection star is sometimes used for LAN applications by reflecting

the combined signal back to its input ports. Such a geometry saves considerable fiber

when users are distributed over a large geographical area.

Figure 8.14: An 8x8 star coupler formed by using twelve 2x2 single-mode fiber couplers.
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Figure 8.15: A star coupler formed by using the fused biconical tapering method.

Several kinds of star couplers have been developed for LAN applications [95]-

[101]. An early approach made use of multiple 3-dB fiber couplers [96]. A 3-dB fiber

coupler divides two input signals between its two output ports, the same functionality

needed for a 2 x 2 star coupler. Higher-orderN x N stars can be formed by combining

several 2x2 couplers as long as N is a multiple of 2. Figure 8.14 shows an 8 x 8

star formed by interconnecting 12 fiber couplers. The complexity of such star couplers

grows enormously with the number of ports.

Fused biconical-taper couplers can be used to make compact, monolithic, star cou-

plers. Figure 8.15 shows schematically a star coupler formed using this technique. The

idea is to fuse together a large number of fibers and elongate the fused portion to form

a biconically tapered structure. In the tapered portion, signals from each fiber mix to-

gether and are shared almost equally among its output ports. Such a scheme works

relatively well for multimode fibers [95] but is limited to only a few ports in the case

of single-mode fibers. Fused 2x2 couplers were made as early as 1981 using single-

mode fibers [73]; they can also be designed to operate over a wide wavelength range.

Higher-order stars can be made using a combinatorial scheme similar to that shown in

Fig. 8.12 [97].

A common approach for fabricating a compact broadcast star makes use of the

silica-on-silicon technology in which two arrays of planar SiO 2 waveguides, separated

by a central slab region, are formed on a silicon substrate. Such a star coupler was

first demonstrated in 1989 in a 19 x 19 configuration [98]. The SiO 2 channel wave-

guides were 200 fim apart at the input end, but the final spacing near the central re-

gion was only 8 fim. The 3-cm-long star coupler had an efficiency of about 55%. A
fiber amplifier can be integrated with the star coupler to amplify the output signals be-

fore broadcasting [99]. The silicon-on-insulator technology has been used for making

star couplers. A 5 x 9 star made by using silicon rib waveguides exhibited low losses

(1.3 dB) with relatively uniform coupling [100].

8.2.5 Wavelength Routers

An important WDM component is an A^xiV wavelength router, a device that com-

bines the functionality of a star coupler with multiplexing and demultiplexing opera-

tions. Figure 8.16(a) shows the operation of such a wavelength router schematically

for N = 5. The WDM signals entering from N input ports are demultiplexed into in-

dividual channels and directed toward the N output ports of the router in such a way



352 CHAPTER 8. MULTICHANNEL SYSTEMS

Input to port 12 3 4 5

I I J' Jl I

Xi X.i Xi Xs — X2 Xi X5 X4 X.I

Xi X? X* X.> Xi

X.iH1
X\ Xz X? X4 Xs Xi

Star
coupler

Si02/Si or InP
waveguides

Star
coupler

Figure 8.16: (a) Schematic illustration of a wavelength router and (b) its implementation using

an AWG. (After Ref. [79]; ©1999 IEEE; reprinted with permission.)

that the WDM signal at each port is composed of channels entering at different input

ports. This operation results in a cyclic form of demultiplexing. Such a device is an

example of a passive router since its use does not involve any active element requir-

ing electrical power. It is also called a static router since the routing topology is not

dynamically reconfigurable. Despite its static nature, such a WDM device has many

potential applications in WDM networks.

The most common design of a wavelength router uses a AWG demultiplexer shown

in Fig. 8.11 modified to provide multiple input ports. Such a device, called the wave-

guide-grating router (WGR), is shown schematically in Fig. 8.16(b). It consists of two

N x M star couplers such that M output ports of one star coupler are connected with

M input ports of another star coupler through an array of M waveguides that acts as

an AWG [74]. Such a device is a generalization of the MZ interferometer in the sense

that a single input is divided coherently into M parts (rather than two), which acquire

different phase shifts and interfere in the second free-propagation region to come out of

N different ports depending on their wavelengths. The symmetric nature of the WGR
permits to launch N WDM signals containingN different wavelengths simultaneously,

and each WDM signal is demultiplexed to N output ports in a periodic fashion.

The physics behind the operation of a WGR requires a careful consideration of

the phase changes as different wavelength signals diffract through the free-propagation

region inside star couplers and propagate through the waveguide array [74]—[81]. The

most important part of a WGR is the waveguide array designed such that the length
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difference AL between two neighboring waveguides remains constant from one wave-

guide to next. The phase difference for a signal of wavelength A, traveling from the

pth input port to the qth output port through the rath waveguide (compared to the path

connecting central ports), can be written as [13]

<t>pqm = (2nm/A
)
(n 1 + n2AL+ ni8'q), (8.2.4)

where n\ and n2 are the refractive indices in the regions occupied by the star couplers

and waveguides, respectively. The lengths 8P and S'
q
depend on the location of the

input and output ports. When the condition

n
l
(Sp + 8'

q ) + n2AL=Q?i (8.2.5)

is satisfied for some integer Q , the channel at the wavelength A acquires phase shifts

that are multiples of 2k while passing through different waveguides. As a result, all

fields coming out of the M waveguides will interfere constructively at the qth port.

Other wavelengths entering from the pth port will be directed to other output ports de-

termined by the condition (8.2.5). Clearly, the device acts as a demultiplexer since a

WDM signal entering from the pth port is distributed to different output ports depend-

ing on the channel wavelengths.

The routing function of a WGR results from the periodicity of the transmission

spectrum. This property is also easily understood from Eq. (8.2.5). The phase condition

for constructive interference can be satisfied for many integer values of Q. Thus, if Q
is changed to Q+ 1, a different wavelength will satisfy Eq. (8.2.5) and will be directed

toward the same port. The frequency difference between these two wavelengths is the

free spectral range (FSR), analogous to that of FP filters. For a WGR, it is given by

FSR =
c

n\(8p + S'
q ) + n2AL

(8.2.6)

Strictly speaking, FSR is not the same for all ports, an undesirable feature from a

practical standpoint. However, when 8P and 8
q

are designed to be relatively small

compared with AL, FSR becomes nearly constant for all ports. In that case, a WGR
can be viewed as N demultiplexers working in parallel with the following property.

If the WDM signal from the first input port is distributed to N output ports in the

order X \ ,
. .

.

,

Aw, the WDM signal from the second input port will be distributed as

Aw, Ai ,
, Aw-i , and the same cyclic pattern is followed for other input ports.

The optimization of a WGR requires precise control of many design parameters

for reducing the crosstalk and maximizing the coupling efficiency. Despite the com-

plexity of the design, WGRs are routinely fabricated in the form of a compact com-

mercial device (each dimension ~1 cm) using either silica-on-silicon technology or

InGaAsP/InP technology [74]—[8 1]. WGRs with 128 input and output ports were avail-

able by 1996 in the form of a planar lightwave circuit and were able to operate onWDM
signals with a channel spacing as small as 0.2 nm while maintaining crosstalk below

16 dB. WGRs with 256 input and output ports have been fabricated using this tech-

nology [102]. WGRs can also be used for applications other than wavelength routing

such as multichannel transmitters and receivers (discussed later in this section), tunable

add-drop optical filters, and add-drop multiplexers.
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Figure 8.17: Schematic of an optical cross-connect based on optical switches.

8.2.6 Optical Cross-Connects

The development of wide-areaWDM networks requires a dynamic wavelength routing

scheme that can reconfigure the network while maintaining its nonblocking (transpar-

ent) nature. This functionality is provided by an optical cross-connect (OXC) which

performs the same function as that provided by electronic digital switches in telephone

networks. The use of dynamic routing also solves the problem of a limited number of

available wavelengths through the wavelength-reuse technique. The design and fab-

rication of OXCs has remained a major topic of research since the advent of WDM
systems [103]—[118].

Figure 8.17 shows the generic design of an OXC schematically. The device has N
input ports, each port receiving a WDM signal consisting ofM wavelengths. Demul-

tiplexers split the signal into individual wavelengths and distribute each wavelength to

the bank ofM switching units, each unit receiving N input signals at the same wave-

length. An extra input and output port is added to the switch to allow dropping or

adding of a specific channel. Each switching unit contains N optical switches that can

be configured to route the signals in any desirable fashion. The output of all switch-

ing units is sent to N multiplexers, which combine their M inputs to form the WDM
signal. Such an OXC needs N multiplexers, N demultiplexers, and M(N + l)

2
optical

switches. Switches used by an OXC are 2x2 space-division switches which switch

an input signal to spatially separated output ports using a mechanical, thermo-optic,

electro-optic, or all-optical technique. Many schemes have been developed for per-

forming the switching operation. We discuss some of them next.

Mechanical switching is perhaps the simplest to understand. A simple mirror can

act as a switch if the output direction can be changed by tilting the mirror. The use of

“bulk” mirrors is impractical because of a large number of switches needed for mak-
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Figure 8.18: Scanning electron micrograph of an 8 x 8 MEMS optical switch based on free-

rotating micromirrors. (After Ref. [112]; ©2000 IEEE; reprinted with permission.)

ing an OXC. For this reason, a micro-electro-mechanical system (MEMS) is used

for switching [109]. Figure 8.18 shows an example of a 8 x 8 MEMS optical switch

containing a two-dimensional array of free-rotating micromirrors [112]. Optical path

lengths are far from being uniform in such a two-dimensional (2-D) geometry. This fea-

ture limits the switch size although multiple 2-D switches can be combined to increase

the effective size. The three-dimensional (3-D) configuration in which the input and

output fibers are located normal to the switching-fabric plane solves the size problem

to a large extent. The switch size can be as large as 4096 x 4096 in the 3-D configu-

ration. MEMS-based switches were becoming available commercially in 2002 and are

likely to find applications in WDM networks. They are relatively slow to reconfigure

(switching time >10 ms) but that is not a major limitation in practice.

A MZ interferometer similar to that shown in Fig. 8 . 8(b) can also act as a 2 x 2

optical switch because the input signal can be directed toward different output ports

by changing the delay in one of the arms by a small amount. The planar lightwave

circuit technology uses the thermo-optic effect to change the refractive index of silica

by heating. The temperature-induced change in the optical path length provides op-

tical switching. As early as 1996, such optical switches were used to form a 8 x 16

OXC [103]. By 1998, such an OXC was packaged using switch boards of the standard

(33 x 33 cm2
) dimensions [107]. The extinction ratio can be increased by using two

MZ interferometers in series, each with its own thermo-optic phase shifter, since the

second unit blocks any light leaked through the first one [110]. Polymers are some-

times used in place of silica because of their large thermo-optic coefficient (more than

10 times larger compared with that of silica) for making OXCs [111]. Their use re-

duces both the fabrication cost and power consumption. The switching time is ~ 1 ms
for all thermo-optic devices.

A directional coupler also acts as a 2 x 2 optical switch because it can direct an

input signal toward different output ports in a controlled fashion. In LiNbO 3-based di-

rectional couplers, the refractive index can be changed by applying an external voltage

through the electro-optic effect known as electrorefraction. The LiNbO 3 technology

was used by 1988 to fabricate an 8 x 8 OXC [108]. Switching time of such cross-
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Figure 8.19: Examples of optical switches based on (a) Y-junction semiconductor waveguides

and (b) SOAs with splitters. (After Ref. [105]; ©1996 IEEE; reprinted with permission.)

connects can be quite small (< 1 ns) as it is only limited by the speed with which

electrical voltage can be changed. An OXC based on LiNbOs switches was used for

the MONET project [21].

Semiconductor waveguides can also be used for making optical switches in the

form of direction couplers, MZ interferometers, or Y junctions
[
105]. The InGaAsP/InP

technology is most commonly used for such switches. Figure 8.19(a) shows a 4 x 4

switch based on the Y junctions; electrorefraction is used to switch the signal between

the two arms of a Y junction. Since InGaAsP waveguides can provide amplification,

SOAs can be used for compensating insertion losses. SOAs themselves can be used for

making OXCs. The basic idea is shown schematically in Fig. 8.19(b) where SOAs act

as a gate switch. Each input is divided into N branches using waveguide splitters, and

each branch passes through an SOA, which either blocks light through absorption or

transmits it while amplifying the signal simultaneously. Such OXCs have the advan-

tage that all components can be integrated using the InGaAsP/InP technology while

providing low insertion losses, or even a net gain, because of the use of SOAs. They

can operate at high bit rates; operation at a bit rate of 2.5 Gb/s was demonstrated in

1996 within an installed fiber network [106].

Many other technologies can be used for making OXCs [115]. Examples include

liquid crystals, bubbles, and electroholography. Liquid crystals in combination with

polarizers either absorb or reflect the incident light depending on the electric voltage,

and thus act as an optical switch. Although the liquid-crystal technology is well devel-

oped and is used routinely for computer-display applications, it has several disadvan-

tages for making OXCs. It is relatively slow, is difficult to integrate with other optical

components, and requires fixed input polarization. The last problem can be solved by

splitting the input signal into orthogonally polarized components and switching each

one separately, but only at the expense of increased complexity.

The bubble technology makes use of the phenomenon of total internal reflection for

optical switching. A two-dimensional array of optical waveguides is formed in such a

way that they intersect inside liquid-filled channels. When an air bubble is introduced

at the intersection by vaporizing the liquid, light is reflected (i.e., switched) into another

waveguide because of total internal reflection. This approach is appealing because of
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its low-cost potential (bubble-jet technology is used routinely for printers) but requires

a careful design for reducing the crosstalk and insertion losses.

Electroholographic switches are similar to 2-D MEMS but employ a LiNbO 3 crys-

tal for switching in place of a rotating mirror. Incident light can be switched at any

point within the 2-D array of such crystals by applying an electric field and creating a

Bragg grating at that location. Because of the wavelength selectivity of the Bragg grat-

ing, only a single wavelength can be switched by one device. This feature increases

the complexity of such switching fabrics. Other issues are related to the polarization

sensitivity of LiNb03-based devices.

Optical fibers themselves can be used for making OXCs if they are combined with

fiber gratings and optical circulators [116]. The main drawback of any OXC is the

large number of components and interconnections required that grows exponentially as

the number of nodes and the number of wavelengths increase. Alternatively, the sig-

nal wavelength itself can be used for switching by making use of wavelength-division

switches. Such a scheme makes use of static wavelength routers such as a WGR in

combination with a new WDM component—the wavelength converter. We turn to this

component next.

8.2.7 Wavelength Converters

A wavelength converter changes the input wavelength to a new wavelength without

modifying the data content of the signal. Many schemes were developed during the

1990s for making wavelength converters [1 19]— [ 129] ;
four among them are shown

schematically in Fig. 8.20.

A conceptually simple scheme uses an optoelectronic regenerator shown in Fig.

8.20(a). An optical receiver first converts the incident signal at the input wavelength A 1

to an electrical bit pattern, which is then used by a transmitter to generate the optical

signal at the desired wavelength A2 . Such a scheme is relatively easy to implement as

it uses standard components. Its other advantages include an insensitivity to input po-

larization and the possibility of net amplification. Among its disadvantages are limited

transparency to bit rate and data format, speed limited by electronics, and a relatively

high cost, all of which stem from the optoelectronic nature of wavelength conversion.

Several all-optical techniques for wavelength conversion make use of SOAs [1 19]-

[122], amplifiers discussed in Section 6.2. The simplest scheme shown in Fig. 8.20(b)

is based on cross-gain saturation occurring when a weak field is amplified inside the

SOA together with a strong field, and the amplification of the weak field is affected

by the strong field. To use this phenomenon, the pulsed signal whose wavelength A 1

needs to be converted is launched into the SOA together with a low-power CW beam

at the wavelength A2 at which the converted signal is desired. Amplifier gain is mostly

saturated by the X\ beam. As a result, the CW beam is amplified by a large amount

during 0 bits (no saturation) but by a much smaller amount during 1 bits. Clearly, the

bit pattern of the incident signal will be transferred to the new wavelength with reverse

polarity such that 1 and 0 bits are interchanged. This technique has been used in many

experiments and can work at bit rates as high as 40 Gb/s. It can provide net gain to the

wavelength-converted signal and can be made nearly polarization insensitive. Its main

disadvantages are (i) relatively low on-off contrast, (ii) degradation due to spontaneous
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Figure 8.20: Four schemes for wavelength conversion: (a) optoelectronic regenerator; (b) gain

saturation in a semiconductor laser amplifier (SLA); (c) phase modulation in a SLA placed in

one arm of a Mach-Zehnder interferometer; (d) four-wave mixing inside a SLA.

emission, and (iii) phase distortion because of frequency chirping that invariably occurs

in SOAs (see Section 3.5). The use of an absorbing medium in place of the SOA solves

the polarity reversal problem. An electroabsorption modulator (see Section 3.6.4) has

been used for wavelength conversion with success [127]. It works on the principle of

cross-absorption saturation. The device blocks the CW signal at A 2 because of high

absorption except when the arrival of 1 bits at A 1 saturates the absorption.

The contrast problem can be solved by using the MZ configuration of Fig. 8.20(c) in

which an SOA is inserted in each arm of a MZ interferometer [119]. The pulsed signal

at the wavelength Ai is split at the first coupler such that most power passes through

one arm. At the same time, the CW signal at the wavelength A 2 is split equally by this

coupler and propagates simultaneously in the two arms. In the absence of the A
1
beam,

the CW beam exits from the cross port (upper port in the figure). However, when both
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beams are present simultaneously, all 1 bits are directed toward the bar port because of

the refractive-index change induced by the A i beam. The physical mechanism behind

this behavior is the cross-phase modulation (XPM). Gain saturation induced by the A i

beam reduces the carrier density inside one SOA, which in turn increases the refractive

index only in the arm through which the Aj beam passes. As a result, an additional k
phase shift can be introduced on the CW beam because of cross-phase modulation, and

the CW wave is directed toward the bar port during each 1 bit.

It should be evident from the preceding discussion that the output from the bar port

of the MZ interferometer would consist of an exact replica of the incident signal with

its wavelength converted to the new wavelength A 2 . An optical filter is placed in front

of the bar port for blocking the original Ai signal. The MZ scheme is preferable over

cross-gain saturation as it does not reverse the bit pattern and results in a higher on-off

contrast simply because nothing exits from the bar port during 0 bits. In fact, the output

from the cross port also has the same bit pattern but its polarity is reversed. Other types

of interferometers (such as Michelson and Sagnac interferometers) can also be used

with similar results. The MZ interferometer is often used in practice because it can be

easily integrated by using Si02/Si or InGaAsP/InP waveguides, resulting in a compact

device [125]. Such a device can operate at high bit rates (up to 80 Gb/s), offers a large

contrast, and degrades the signal relatively little although spontaneous emission does

affect the SNR. Its main disadvantage is a narrow dynamic range of the input power

since the phase induced by the amplifier depends on it.

Another scheme employs the SOA as a nonlinear medium for four-wave mix-

ing (FWM), the same nonlinear phenomenon that is a major source of interchannel

crosstalk in WDM systems (see Section 8.3). The FWM technique has been discussed

in Section 7.7 in the context of optical phase conjugation and dispersion compensation.

As seen in Fig. 8.20(d), its use requires an intense CW pump beam that is launched into

the SOA together with the signal whose wavelength needs to be converted [119]. If v 1

and V2 are the frequencies of the input signal and the converted signal, the pump fre-

quency vp is chosen such that vp = (\q + V2)/2. At the amplifier output, a replica of

the input signal appears at the carrier frequency V 2 because FWM requires the presence

of both the pump and signal. One can understand the process physically as scattering

of two pump photons of energy 2hvp into two photons of energy hv\ and hv2 . The

nonlinearity responsible for the FWM has its origin in fast intraband relaxation pro-

cesses occurring at a time scale of 0.1 ps [130]. As a result, frequency shifts as large as

10 THz, corresponding to wavelength conversion over a range of 80 nm, are possible.

For the same reason, this technique can work at bit rates as high as 100 Gb/s and is

transparent to both the bit rate and the data format. Because of the gain provided by

the amplifier, conversion efficiency can be quite high, resulting even in a net gain. An
added advantage of this technique is the reversal of the frequency chirp since its use

inverts the signal spectrum (see Section 7.7). The performance can also be improved

by using two SOAs in a tandem configuration.

The main disadvantage of any wavelength-conversion technique based on SOAs is

that it requires a tunable laser source whose light should be coupled into the SOA, typ-

ically resulting in large coupling losses. An alternative is to integrate the functionality

of a wavelength converter within a tunable semiconductor laser. Several such devices

have been developed [119]. In the simplest scheme, the signal whose wavelength needs
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to be changed is injected into a tunable laser directly. The change in the laser threshold

resulting from injection translates into modulation of the laser output, mimicking the

bit pattern of the injected signal. Such a scheme requires relatively large input powers.

Another scheme uses the low-power input signal to produce a frequency shift (typically,

10 GHz/mW) in the laser output for each 1 bit. The resulting frequency-modulatedCW
signal can be converted into amplitude modulation by using a MZ interferometer. An-

other scheme uses FWM inside the cavity of a tunable semiconductor laser, which also

plays the role of the pump laser. A phase-shifted DFB laser provided wavelength con-

version over a range of 30 nm with this technique [120]. A sampled grating within a

distributed Bragg reflector has also been used for this purpose [123].

Another class of wavelength converters uses an optical fiber as the nonlinear medium.

Both XPM and FWM can be employed for this purpose using the last two configura-

tions shown in Fig. 8.20. In the FWM case, stimulated Raman scattering (SRS) af-

fects the FWM if the frequency difference
|

v i
— V2

I

falls within the Raman-gain band-

width [124]. In the XPM case, the use of a Sagnac interferometer, also known as the

nonlinear optical loop mirror [40], provides a wavelength converter capable of oper-

ating at bit rates up to 40 Gb/s for both the return-to-zero (RZ) and nonreturn-to-zero

(NRZ) formats [126]. Such a device reflects all 0 bits but 1 bits are transmitted through

the fiber loop because of the XPM-induced phase shift. In a 200 1 experiment, wave-

length conversion at the bit rate of 80 Gb/s was realized by using a 1-km-long optical

fiber designed to have a large value of the nonlinear parameter y [129]. A periodically

poled LiNb03 waveguide has provided wavelength conversion at 160 Gb/s [128]. In

principle, wavelength converters based on optical fibers can operate at bit rates as high

as 1 Tb/s because of the fast nature of their nonlinear response.

8.2.8 WDM Transmitters and Receivers

Most WDM systems use a large number of DFB lasers whose frequencies are chosen

to match the ITU frequency grid precisely. This approach becomes impractical when

the number of channels becomes large. Two solutions are possible. In one approach,

single-frequency lasers with a tuning range of 10 nm or more are employed (see Sec-

tion 3.4.3). The use of such lasers reduces the inventory and maintenance problems.

Alternatively, multiwavelength transmitters which generate light at 8 or more fixed

wavelengths simultaneously can be used. Although such WDM transmitters attracted

some attention in the 1980s, it was only during the 1990s that monolithically inte-

grated WDM transmitters, operating near 1.55 fim with a channel spacing of 1 nm
or less, were developed using the InP-based optoelectronic integrated-circuit (OEIC)

technology [131]-[139].

Several different techniques have been pursued for designingWDM transmitters. In

one approach, the output of several DFB or DBR semiconductor lasers, independently

tunable through Bragg gratings, is combined by using passive waveguides [13 1]—[134].

A built-in amplifier boosts the power of the multiplexed signal to increase the trans-

mitted power. In a 1993 device, the WDM transmitter not only integrated 16 DBR
lasers with 0.8-nm wavelength spacing, but an electroabsorption modulator was also

integrated with each laser [132]. In a 1996 device, 16 gain-coupled DFB lasers were

integrated, and their wavelengths were controlled by changing the width of the ridge
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Figure 8.21: Schematic of a WDM laser made by integrating an AWG inside the laser cavity.

(After Ref. [137]; ©1996 IEEE; reprinted with permission.)

waveguides and by tuning over a 1-nm range using a thin-film resistor [133]. In a differ-

ent approach, sampled gratings with different periods are used to tune the wavelengths

precisely of an array of DBR lasers [135]. The complexity of such devices makes it

difficult to integrate more than 16 lasers on the same chip. The vertical-cavity surface-

emitting laser (VCSEL) technology provides a unique approach to WDM transmitters

since it can be used to produce a two-dimensional array of lasers covering a wide wave-

length span at a relatively low cost [136]; it is well suited for LAN and data-transfer

applications.

A waveguide grating integrated within the laser cavity can provide lasing at several

wavelengths simultaneously. An AWG is often used for multiplexing the output of sev-

eral optical amplifiers or DBR lasers ( 137]—[139]. In a 1996 demonstration of the basic

idea, simultaneous operation at 18 wavelengths (spaced apart by 0.8 nm) was realized

using an intracavity AWG [137]. Figure 8.21 shows the laser design schematically.

Spontaneous emission of the amplifier located on the left side is demultiplexed into 18

spectral bands by the AWG through the technique of spectral slicing. The amplifier ar-

ray on the right side selectively amplifies the set of 18 wavelengths, resulting in a laser

emitting at all wavelengths simultaneously. A 16-wavelength transmitter with 50-GHz

channel spacing was built in 1998 by this technique [138]. In a different approach,

the AWG was not a part of the laser cavity but was used to multiplex the output of

10 DBR lasers, all produced on the same chip in an integrated fashion [139]. AWGs
fabricated with the silica-on-silicon technology can also be used although they cannot

be integrated on the InP substrate.

Fiber lasers can be designed to provide multiwavelength output and therefore act

as a CW WDM source [140]. A ring-cavity fiber laser containing a frequency shifter

(e.g., an acousto-optic device) and an optical filter with periodic transmission peaks

(such as a FP filter, a sampled grating, or an AWG) can provide its output at a comb
of frequencies set to coincide with the ITU grid. Up to 16 wavelengths have been

obtained in practical lasers although the power is not generally uniform across them.

A demultiplexer is still needed to separate the channels before data is imposed on them
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using individual modulators.

A unique approach to WDM sources exploits the technique of spectral slicing

for realizing WDM transmitters and is capable of providing more than 1000 chan-

nels [ 141]— [ 145] . The output of a coherent, wide-bandwidth source is sliced spec-

trally using a mutipeak optical filter such as an AWG. In one implementation of this

idea [141], picosecond pulses from a mode-locked fiber laser are first broadened spec-

trally to bandwidth as large as 200 nm through supercontinuum generation by exploit-

ing the nonlinear effects in an optical fiber [59]. Spectral slicing of the output by an

AWG then produces many WDM channels with a channel spacing of 1 nm or less.

In a 2000 experiment, this technique produced 1000 channels with 12.5-GHz chan-

nel spacing [143]. In another experiment, 150 channels with 25-GHz channel spacing

were realized within the C band covering the range 1530-1560 nm [145]. The SNR of

each channel exceeded 28 dB, indicating that the source was suitable for dense WDM
applications.

The generation of supercontinuum is not necessary if a mode-locked laser produc-

ing femtosecond pulses is employed. The spectral width of such pulses is quite large

to begin with and can be enlarged to 50 nm or more by chirping them using 10-15 km
of standard telecommunication fiber. Spectral slicing of the output by a demultiplexer

can again provide many channels, each of which can be modulated independently. This

technique also permits simultaneous modulation of all channels using a single modula-

tor before the demultiplexer if the modulator is driven by a suitable electrical bit stream

composed through TDM. A 32-channelWDM source was demonstrated in 1996 by us-

ing this method [142]. Since then, this technique has been used to provide sources with

more than 1000 channels [144].

On the receiver end, multichannel WDM receivers have been developed because

their use can simplify the system design and reduce the overall cost [146]. Monolithic

receivers integrate a photodiode array with a demultiplexer on the same chip. Typically,

A planar concave-grating demultiplexer or a WGR is integrated with the photodiode

array. Even electronic amplifiers can be integrated within the same chip. The design

of such monolithic receivers is similar to the transmitter shown in Fig. 8.21 except that

no cavity is formed and the amplifier array is replaced with a photodiode array. Such

a WDM receiver was first fabricated in 1995 by integrating an eight-channel WGR
(with 0.8-nm channel spacing), eight p-i-n photodiodes, and eight preamplifiers using

heterojunction-bipolar transistor technology [147].

8.3 System Performance Issues

The most important issue in the design ofWDM lightwave systems is the interchannel

crosstalk. The system performance degrades whenever crosstalk leads to transfer of

power from one channel to another. Such a transfer can occur because of the nonlinear

effects in optical fibers, a phenomenon referred to as nonlinear crosstalk as it depends

on the nonlinear nature of the communication channel. However, some crosstalk occurs

even in a perfectly linear channel because of the imperfect nature of various WDM
components such as optical filters, demultiplexers, and switches. In this section we
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discuss both the linear and nonlinear crosstalk mechanisms and also consider other

performance issues relevant for WDM systems.

8.3.1 Heterowavelength Linear Crosstalk

Linear crosstalk can be classified into two categories depending on its origin [148]—

[163]. Optical filters and demultiplexers often let leak a fraction of the signal power

from neighboring channels that interferes with the detection process. Such crosstalk

is called heterowavelength or out-of-band crosstalk and is less of a problem because

of its incoherent nature than the homowavelength or in-band crosstalk that occurs dur-

ing routing of the WDM signal from multiple nodes. This subsection focuses on the

heterowavelength crosstalk.

Consider the case in which a tunable optical filter is used to select a single channel

among the N channels incident on it. If the optical filter is set to pass the rath channel,

the optical power reaching the photodetector can be written as P = Pm + TmnPn
where Pm is the power in the rath channel and Tmn is the filter transmittivity for channel

n when channel ra is selected. Crosstalk occurs if Tmn 0 for n^f m. It is called out-

of-band crosstalk because it belongs to the channels lying outside the spectral band

occupied by the channel detected. Its incoherent nature is also apparent from the fact

that it depends only on the power of the neighboring channels.

To evaluate the impact of such crosstalk on system performance, one should con-

sider the power penalty, defined as the additional power required at the receiver to

counteract the effect of crosstalk. The photocurrent generated in response to the inci-

dent optical power is given by

N
I = RmPm + RnTmnPn = Ich + lx >

(8.3.1)

n^m

where Rm = r}mq/hvm is the photodetector responsivity for channel ra at the optical fre-

quency vm and rjm is the quantum efficiency. The second term lx in Eq. (8.3.1) denotes

the crosstalk contribution to the receiver current I. Its value depends on the bit pattern

and becomes maximum when all interfering channels carry 1 bits simultaneously (the

worst case).

A simple approach to calculating the crosstalk power penalty is based on the eye

closure (see Section 4.3.3) occurring as a result of the crosstalk [148]. The eye closes

most in the worst case for which lx is maximum. In practice, /ch is increased to main-

tain the system performance. If Ich needs to be increased by a factor Sx, the peak

current corresponding to the top of the eye is I\ = Sxhh + Ix- The decision threshold

is set at Id = h /2. The eye opening from Id to the top level would be maintained at its

original value Ich/2 if

(&/ch +&) —Ix~ ^{Sxlch+Ix) = h, (8.3.2)

or when Sx = 1 + Ix/Ich- The quantity Sx is just the power penalty for the rath channel.

By using lx and /ch from Eq. (8.3.1), Sx can be written (in dB) as

Sx = 101og 10 (8.3.3)
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Figure 8.22: Crosstalk power penalty at four different values of the BER for a FP filter of finesse

F = 100. (After Ref. [149]; ©1990 IEEE; reprinted with permission.)

where the powers correspond to their on-state values. If the peak power is assumed

to be the same for all channels, the crosstalk penalty becomes power independent.

Further, if the photodetector responsivity is nearly the same for all channels (.R m ~ Rn ),

Sx is well approximated by

&»101oglo (l+X), (8.3.4)

whereZ = Tmn is a measure of the out-of-band crosstalk; it represents the fraction

of total power leaked into a specific channel from all other channels. The numerical

value ofX depends on the transmission characteristics of the specific optical filter. For

a FP filter, X can be obtained in a closed form [149].

The preceding analysis of crosstalk penalty is based on the eye closure rather than

the bit-error rate (BER). One can obtain an expression for the BER if lx is treated as a

random variable in Eq. (8.3.1). For a given value of lx ,
the BER is obtained by using

the analysis of Section 4.5.1. In particular, the BER is given by Eq. (4.5.6) with the

on- and off-state currents given by I\ = /ch + lx and /o = lx if we assume that Ich = 0

in the off-state. The decision threshold is set at Id = /Ch(l +X)/2, which corresponds

to the worst-case situation in which all neighboring channels are in the on state. The

final BER is obtained by averaging over the distribution of the random variable lx • The
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distribution of lx has been calculated for a FP filter and is generally far from being

Gaussian. The crosstalk power penalty Sx can be calculated by finding the increase

in 7ch needed to maintain a certain value of BER. Figure 8.22 shows the calculated

penalty for several values of BER plotted as a function of N/F [149] with the choice

F = 100. The solid curve corresponds to the error-free case (BER = 0). The power

penalty can be kept below 0.2 dB to maintain a BER of 10
~ 9

for values ofN/F as large

as 0.33. From Eq. (8.2.2) the channel spacing can be as little as three times the bit rate

for such FP filters.

8.3.2 Homowavelength Linear Crosstalk

Homowavelength or in-band crosstalk results from WDM components used for rout-

ing and switching along an optical network and has been of concern since the advent

of WDM systems [150]—[163]. Its origin can be understood by considering a static

wavelength router such as a WGR (see Fig. 8.16). For an N x N router, there exist N 2

combinations through which A-wavelength WDM signals can be split. Consider the

output at one wavelength, say Xm . Among the N2 — 1 interfering signals that can ac-

company the desired signal, N — 1 signals have the same carrier wavelength Am , while

the remaining N(N — 1 )
belong to different carrier wavelengths and are likely to be

eliminated as they pass through other WDM components. The N —
1 crosstalk signals

at the same wavelength (in-band crosstalk) originate from incomplete filtering through

a WGR because of its partially overlapping transmission peaks [153]. The total optical

field, including only the in-band crosstalk, can be written as

Emit) = (e„,+ E„j exp(— z'ov), (8.3.5)

where Em is the desired signal and com = 'lnc/\m . The coherent nature of the in-band

crosstalk is obvious from Eq. (8.3.5).

To see the impact of in-band crosstalk on system performance, we should again

consider the power penalty. The receiver current I = R\Em (t)\
2

in this case contains

interference or beat terms similar to the case of optical amplifiers (see Section 6.5).

One can identify two types of beat terms; signal-crosstalk beating with terms like

EmEn and crosstalk-crosstalk beating with terms like EiJLn , where k ^ m and n^m.
The latter terms are negligible in practice and can be ignored. The receiver current is

then given approximately as

N
I(t) ttRPm (t) + 2R Yj \/Pm{t)Pn{t)cos[<\>m {t) - <\>„{t)], (8.3.6)

n^m

where Pn = \En
\

2
is the power and <\)n (t) is the phase. In practice, Pn« Pm for n ^ m

because a WGR is built to reduce the crosstalk. Since phases are likely to fluctuate

randomly, we can write Eq. (8.3.6) as I(t) = R(Pm + AP), treat the crosstalk as intensity

noise, and use the approach of Section 4.6.2 for calculating the power penalty. In fact,

the result is the same as in Eq. (4.6.1 1) and can be written as

$x = — 101og 10 (l
— rxQ

2
), (8.3.7)
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where

i*=({AP) 2)/F*=X(N-1 ), (8.3.8)

and X = Pn/Pm is the crosstalk level defined as the fraction of power leaking through

the WGR and is taken to be the same for all — 1 sources of coherent in-band crosstalk

by assuming equal powers. An average over the phases was performed by replacing

cos2 6 = j. In addition, r\ was multiplied by another factor of
^

to account for the fact

that Pn is zero on average half of the times (during 0 bits). Experimental measurements

of power penalty for a WGR agree with this simple model [153].

The impact of in-band crosstalk can be estimated from Fig. 4.19, where power

penalty Sx is plotted as a function of rx . To keep the power penalty below 2 dB, rx <
0.07 is required, a condition that limits X(N— 1) to below —23 dB from Eq. (8.3.8).

Thus, the crosstalk level X must be below —38 dB for N = 16 and below —43 dB for

N = 100, rather stringent requirements.

The calculation of crosstalk penalty in the case of dynamic wavelength routing

through optical cross-connects becomes quite complicated because of a large number

of crosstalk elements that a signal can pass through in such WDM networks [155].

The worst-case analysis predicts a large power penalty (> 3 dB) when the number of

crosstalk elements becomes more than 25 even if the crosstalk level of each component

is only —40 dB. Clearly, the linear crosstalk is of primary concern in the design of

WDM networks and should be controlled. A simple technique consists of modulating

or scrambling the laser phase at the transmitter at a frequency much larger than the

laser linewidth [164]. Both theory and experiments show that the acceptable crosstalk

level exceeds 1% (—20 dB) with this technique [162].

8.3.3 Nonlinear Raman Crosstalk

Several nonlinear effects in optical fibers [59] can lead to interchannel and intrachannel

crosstalk that affects the system performance considerably [165]—[17 1]. Section 2.6

discussed such nonlinear effects and their origin from a physical point of view. This

subsection focuses on the Raman crosstalk.

As discussed in Section 2.6, stimulated Raman scattering (SRS) is generally not

of concern for single-channel systems because of its relatively high threshold (about

500 mW near 1.55 gm). The situation is quite different for WDM systems in which

the fiber acts as a Raman amplifier (see Section 6.3) such that the long-wavelength

channels are amplified by the short-wavelength channels as long as the wavelength

difference is within the bandwidth of the Raman gain. The Raman gain spectrum

of silica fibers is so broad that amplification can occur for channels spaced as far

apart as 100 nm. The shortest-wavelength channel is most depleted as it can pump
many channels simultaneously. Such an energy transfer among channels can be detri-

mental for system performance as it depends on the bit pattern—amplification occurs

only when 1 bits are present in both channels simultaneously. The Raman-induced

crosstalk degrades the system performance and is of considerable concern for WDM
systems [172]—[179].

Raman crosstalk can be avoided if channel powers are made so small that SRS-

induced amplification is negligible over the entire fiber length. It is thus important
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to estimate the limiting value of the channel power. A simple model considers the

depletion of the highest-frequency channel in the worst case in which 1 bits of all

channels overlap completely simultaneously [165]. The amplification factor for each

channel is Gm = exp(gmLeff), where Leff is the effective interaction length as defined

in Eq. (2.6.2) and gm = g^(Qm)Pch/Aeff is the Raman gain at Q.m = C0\ — com . For

gmLeff <C 1, the shortest-wavelength channel at coi is depleted by a fraction gmLtff due

to Raman amplification of the mth channel. The total depletion for a M-channel WDM
system is given by

M
T>r= ^ (8.3.9)

m=

2

The summation in Eq. (8.3.9) can be carried out analytically if the Raman gain

spectrum (see Fig. 2.18) is approximated by a triangular profile such that g r increases

linearly for frequencies up to 15 THz with a slope Sr = dgR/dv and then drops to

zero. Using g^(Qm )
= m^AVch, the fractional power loss for the shortest-wavelength

channel becomes [165]

Dr = {M(M - l)CRPchLeS ,
(8.3.10)

where Cr = SrAvch/ (2Aeff). In deriving this equation, channels were assumed to have

a constant spacing Avch and the Raman gain for each channel was reduced by a factor

of 2 to account for random polarization states of different channels.

A more accurate analysis should consider not only depletion of each channel be-

cause of power transfer to longer-wavelength channels but also its own amplification

by shorter-wavelength channels. If all other nonlinear effects are neglected along with

GVD, evolution of the power Pn associated with the nth channel is governed by the

following equation (see Section 6.3):

dP M
—j— + ocPn = CRP„ X (« - rn)Pm ,

(8.3.1 1)
dZ m= 1

where a is assumed to be the same for all channels. This set ofM coupled nonlinear

equations can be solved analytically. For a fiber of length L, the result is given by [172]

p (t \ p (c\\ p
—&l_ Pt exp[(n — l)CRPtLeff]nU ~ n[ )€

Pm{0) exp[(m - 1)CRPtL^\ ’

(8.3.12)

where Pt = Xm=i Pn(0) is the total input power in all channels. This equation shows

that channel powers follow an exponential distribution because of Raman-induced cou-

pling among all channels.

The depletion factor Dr for the shorter-wavelength channel (n = 1) is obtained

using Dr = (P10 — Pi)/Pio

,

where Pio = Pi (0) exp(-aL) is the channel power expected

in the absence of SRS. In the case of equal input powers in all channels, Pt = MPCh in

Eq. (8.3.12), and Dr is given by

Dr = 1 — exp l)CflPchLeff

M sinh(jMCRPchLeff )

sinh(^M2CRPchLefl)

(8.3.13)
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Figure 8.23: Raman-induced power penalty as a function of channel number for several values

of Pch. Channels are 100 GHz apart and launched with equal powers.

In the limitM2C^Pch^eff 1, this complicated expression reduces to the simple result

in Eq. (8.3.10). In general, Eq. (8.3.10) overestimates the Raman crosstalk.

The Raman-induced power penalty is obtained using 8r = — 101og(l — Dr) be-

cause the input channel power must be increased by a factor of ( 1 — D r)~ 1

to maintain

the same system performance. Figure 8.23 shows how the power penalty increases

with an increase in the channel power and the number of channels. The channel spac-

ing is assumed to be 100 GHz. The slope of the Raman gain is estimated from the gain

spectrum to be Sr = 4.9 x 10“ 18 m/(W-GHz) while A eff = 50 gm2 and Leff ~ 1/a =

21.74 km. As seen from Fig. 8.23, the power penalty becomes quite large for WDM
systems with a large number of channels. If a value of at most 1 dB is considered ac-

ceptable, the limiting channel power Pch exceeds 10 mW for 20 channels, but its value

is reduced to below 1 mW when the number ofWDM channels is larger than 70.

The foregoing analysis provides only a rough estimate of the Raman crosstalk as

it neglects the fact that signals in each channel consist of a random sequence of 0 and

1 bits. A statistical analysis shows that the Raman crosstalk is lower by about a factor

of 2 when signal modulation is taken into account [167]. The GVD effects that were

neglected in the above analysis also reduce the Raman crosstalk since pulses in differ-

ent channels travel at different speeds because of the group-velocity mismatch [173].

On the other hand, periodic amplification of the WDM signal can magnify the impact

of SRS-induced degradation. The reason is that in-line amplifiers add noise which ex-

periences less Raman loss than the signal itself, resulting in degradation of the SNR.

The Raman crosstalk under realistic operating conditions was calculated in a 2001

study [179]. Numerical simulations showed that it can be reduced by inserting opti-

cal filters along the fiber link that block the low-frequency noise below the longest-

wavelength channel [178]. Raman crosstalk can also be reduced using the technique of

midway spectral inversion [174].
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Figure 8.24: Output signal power (solid circles) and reflected SBS power (empty circles) as a

function of power injected. (After Ref. [180]; ©1992 IEEE; reprinted with permission.)

8.3.4 Stimulated Brillouin Scattering

Stimulated Brillouin scattering (SBS) can also transfer energy from a high-frequency

channel to a low-frequency one when the channel spacing equals the Brillouin shift.

However, in contrast with the case of SRS, such an energy transfer is easily avoided

with the proper design of multichannel communication systems. The reason is that the

Brillouin-gain bandwidth is extremely narrow (~ 20 MHz) compared with the Raman-

gain bandwidth (~ 5 THz). Thus, the channel spacing must match almost exactly the

Brillouin shift (about 10 GHz in the 1.55-/im region) for SBS to occur; such an exact

match is easily avoided. Furthermore, as discussed in Section 2.6, the two channels

must be counterpropagating for Brillouin amplification to occur.

Although SBS does not induce interchannel crosstalk when all channels propagate

in the forward direction, it nonetheless limits the channel powers. The reason is that a

part of the channel power can be transferred to a backward-propagating Stokes wave

generated from noise when the threshold condition g^Pth-^effMeff ~ 21 is satisfied (see

Section 2.6). This condition is independent of the number and the presence of other

channels. However, the threshold for each channel can be reached at low power levels.

Figure 8.24 shows how the output power and power reflected backward through SBS
vary in a 13-km-long dispersion-shifted fiber as the injected CW power is increased

from 0.5 to 50 mW [180]. No more than 3 mW could be transmitted through the fiber

in this experiment after the Brillouin threshold. For a fiber with A eff = 50 /im2
and

a = 0.2 dB/km, the threshold power is below 2 mW when the fiber length is long

enough (> 20 km) that L eff can be replaced by 1/a.

The preceding estimate applies to CW signals as it neglects the effects of signal

modulation resulting in a random sequence of 0 and 1 bits. In general, the Brillouin

threshold depends on the modulation format as well as on the ratio of the bit rate to

the Brillouin-gain bandwidth [181]. It increases to above 5 mW for lightwave systems

operating near 10 Gb/s. Some applications require launch powers in excess of 10 mW.
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Several schemes have been proposed for raising the Brillouin threshold [182]—[187].

They rely on increasing either the Brillouin-gain bandwidth Av # or the spectral width

of optical carrier. The former has a value of about 20 MHz for silica fibers, while the

latter is typically <10 MHz for DFB lasers used in WDM systems. The bandwidth of

an optical carrier can be increased without affecting the system performance by modu-

lating its phase at a frequency much lower than the bit rate. Typically, the modulation

frequency Avm is in the range of 200-400 MHz. As the effective Brillouin gain is re-

duced by a factor of (1 + Avm/Av#), the SBS threshold increases by the same factor.

Since typically Av# ~ 20 MHz, the launched power can be increased by more than a

factor of 10 by this technique.

If the Brillouin-gain bandwidth Av# of the fiber itself can be increased from its

nominal value of 20 MHz to more than 200 MHz, the SBS threshold can be increased

without requiring a phase modulator. One technique uses sinusoidal strain along the

fiber length for this purpose. The applied strain changes the Brillouin shift v# by a few

percent in a periodic manner. The resulting Brillouin-gain spectrum is much broader

than that occurring for a fixed value of v#. The strain can be applied during cabling of

the fiber. In one fiber cable, Av# was found to increase from 50 to 400 MHz (182]. The

Brillouin shift v# can also be changed by making the core radius nonuniform along the

fiber length since the longitudinal acoustic frequency depends on the core radius. The

same effect can be realized by changing the dopant concentration along the fiber length.

This technique increased the SBS threshold of one fiber by 7 dB [183]. A side effect

of varying the core radius or the dopant concentration is that the GVD parameter j3 2

also changes along the fiber length. It is possible to vary both of them simultaneously

in such a way that remains relatively uniform [185]. Phase modulation induced by

a supervisory channel through the nonlinear phenomenon of cross-phase modulation

(XPM) can also be used to suppress SBS [187]. XPM induced by neighboring chan-

nels can also help [184] but it is hard to control and is itself a source of crosstalk.

In practice, a frequency modulator integrated within the transmitter provides the best

method for suppressing SBS. Threshold levels >200 mW have been realized with this

technique [186].

8.3.5 Cross-Phase Modulation

The SPM and XPM both affect the performance ofWDM systems. The effects of SPM
has been discussed in Sections 5.3 and 7.7 in the context of single-channel systems;

they also apply to individual channels of a WDM system. The phenomenon of XPM
is an important mechanism of nonlinear crosstalk in WDM lightwave systems and has

been studied extensively in this context [188]—[199].

As discussed in Section 2.6, XPM originates from the intensity dependence of the

refractive index, which produces an intensity-dependent phase shift as the signal prop-

agates through the optical fiber. The phase shift for a specific channel depends not only

on the power of that channel but also on the power of other channels [59]. The total

phase shift for the jth channel is given by (see Section 2.6)

(8.3.14)
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Figure 8.25: XPM-induced power fluctuations on a CW probe for a 130-km link (middle) and

a 320-km link (top) with dispersion management. An NRZ bit stream in the pump channel is

shown at the bottom. (After Ref. [191], ©1999 IEEE; reprinted with permission.)

where the first term is due to SPM and Leff has been replaced with 1/a assuming

aL 1. The parameter y is in the range 1-10 W _
1km_1

depending on the type of

fiber used, larger values occurring for dispersion-compensating fibers. The nonlinear

phase shift depends on the bit pattern of various channels and can vary from zero to its

maximum value 0max = (y/ot)(2N — 1 )Pj for N channels, if we assume equal channel

powers.

Strictly speaking, the XPM-induced phase shift should not affect system perfor-

mance if the GVD effects were negligible. However, any dispersion in fiber converts

pattern-dependent phase shifts to power fluctuations, reducing the SNR at the receiver.

This conversion can be understood by noting that time-dependent phase changes lead

to frequency chirping that affects dispersion-induced broadening of the signal. Figure

8.25 shows XPM-induced fluctuations for a CW probe launched with a 10-Gb/s pump
channel modulated using the NRZ format. The probe power fluctuates by as much as

6% after 320 km of dispersive fiber. The root-mean-square (RMS) value of fluctuations

depends on the channel power and can be reduced by lowering it. As a rough estimate,

if we use the condition 0max < 1 , the channel power is restricted to

Pch < a/[y(2N - \ )}. (8.3.15)

For typical values of a and 7,
Pch should be below 10 mW even for five channels and

reduces to below 1 mW for more than 50 channels.

The preceding analysis provides only a rough estimate as it ignores the fact that

pulses belonging to different channels travel at different speeds and walk through each

other at a rate that depends on their wavelength difference. Since XPM can occur only

when pulses overlap in the time domain, its impact is reduced considerably by the

walk-off effects. As a faster-moving pulse belonging to one channel collides with and

passes through a specific pulse in another channel, the XPM-induced chirp shifts the
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pulse spectrum first toward red and then toward blue. In a lossless fiber, collisions of

two pulses are perfectly symmetric, resulting in no net spectral shift at the end of the

collision. In a loss-managed system with optical amplifiers placed periodically along

the link, power variations make collisions between pulses of different channels asym-

metric, resulting in a net frequency shift that depends on the channel spacing. Such

frequency shifts lead to timing jitter (the speed of a channel depends on its frequency

because of GVD) since their magnitude depends on the bit pattern as well as on the

channel wavelengths. The combination of XPM-induced amplitude and timing jitter

degrades the SNR at the receiver, especially for closely spaced channels, and leads to

XPM-induced power penalty that depends on channel spacing and the type of fibers

used for the WDM link. The power penalty increases for fibers with large GVD and

for WDM systems designed with a small channel spacing and can exceed 5 dB even

for 100-GHz spacing.

How can one control the XPM-induced crosstalk in WDM systems? Clearly, the

use of low-GVD fibers will reduce this problem to some extent but is not practical be-

cause of the onset of FWM (see next subsection). In practice, dispersion management

is employed in virtually all WDM systems such that the local dispersion is relatively

large. Careful selection of the dispersion-map parameters may help from the XPM
standpoint but may not be optimum from the SPM point of view [190]. A simple

approach to XPM suppression consists of introducing relative time delays among the

WDM channels after each map period such that the “1” bits in neighboring channels are

unlikely to overlap most of the time [196]. The use of RZ format is quite helpful in this

context because all 1 bits occupy only a fraction of the bit slot. In a 10-channel WDM
experiment, time delays were introduced by using 10 fiber gratings spaced apart by

varying distances chosen to enhance XPM suppression [198]. The BER floor observed

after 500 km of transmission disappeared after the XPM suppressors (consisting of 10

Bragg gratings) were inserted every 100 km. The residual power penalty at a BER of

10“ 10 was below 2 dB for all channels.

8.3.6 Four-Wave Mixing

As discussed in Section 2.6, the nonlinear phenomenon ofFWM requires phase match-

ing. It becomes a major source of nonlinear crosstalk whenever the channel spacing

and fiber dispersion are small enough to satisfy the phase-matching condition approxi-

mately [59]. This is the case when aWDM system operates close to the zero-dispersion

wavelength of dispersion-shifted fibers. For this reason, several techniques have been

developed for reducing the impact ofFWM in WDM systems [167].

The physical origin of FWM-induced crosstalk and the resulting system degrada-

tion can be understood by noting that FWM generates a new wave at the frequency

(Oijk = C0i + COj — (Ok, whenever three waves at frequencies CD;, (Qj , and a>k copropagate

inside the fiber. For an A-channel system, i, j, and k can vary from 1 to A, resulting

in a large combination of new frequencies generated by FWM. In the case of equally

spaced channels, the new frequencies coincide with the existing frequencies, leading to

coherent in-band crosstalk. When channels are not equally spaced, most FWM com-

ponents fall in between the channels and lead to incoherent out-of-band crosstalk. In
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both cases, the system performance is degraded because of a loss in the channel power,

but the coherent crosstalk degrades system performance much more severely.

The FWM process in optical fibers is governed by a set of four coupled equations

whose general solution requires a numerical approach [59]. If we neglect the phase

shifts induced by SPM and XPM, assume that the three channels participating in the

FWM process remain nearly undepleted, and include fiber losses, the amplitude A p of

the FWM component at the frequency cop is governed by

s] A T7 (Y—— = ——Ap + dpyAiAjAl exp(— z'Afe)
,

(8.3.16)
dz 2

where Am (z) = Am {0) exp(— ocz/2) for ra = i,j,k and dp = 2 — 5/y is the degeneracy

factor defined such that its value is 1 when i = j but doubles when i ^ j. This equation

can be easily integrated to obtainA f(z). The power transferred to the FWM component

in a fiber of length L is given by [200]

Pi = \Af{L)
I

2 = r\F {dFyL)
2P

t
PjPke^

aL
,

(8.3.17)

where Pm = |Am (0)
|

2
is the launched power in the rath channel and rj /r is a measure of

the FWM efficiency defined as

Pf
1 — exp[— (a + iAk)L\

(a + iAk)L
(8.3.18)

The FWM efficiency rjp depends on the channel spacing through the phase mis-

match governed by

Ak = pF + pk - pi - pj « p2 (cOi - cok)((Oj - (Qk ), (8.3. 19)

where the propagation constants were expanded in a Taylor series around co c = (cfy +
(Oj)/2 and p2 is the GVD parameter at that frequency. If the GVD of the transmission

fiber is relatively large, (|

^

2
1

>5 ps
2/km), rjp nearly vanishes for typical channel spac-

ings of 50 GHz or more. In contrast, rj p ~ 1 close to the zero-dispersion wavelength

of the fiber, resulting in considerable power in the FWM component, especially at high

channel powers. In the case of equal channel powers, Pp increases as P
c

3

h . This cubic

dependence of the FWM component limits the channel powers to below 1 mW ifFWM
is nearly phase matched. Since the number of FWM components for an M-channel

WDM system increases as M2(M — l)/2, the total power in all FWM components can

be quite large.

A simple scheme for reducing the FWM-induced degradation consists of design-

ing WDM systems with unequal channel spacings ( 167]. The main impact of FWM
in this case is to reduce the channel power. This power depletion results in a power

penalty that is relatively small compared with the case of equal channel spacings. Ex-

perimental measurements on WDM systems confirm the advantage of unequal channel

spacings. In a 1999 experiment, this technique was used to transmit 22 channels, each

operating at 10 Gb/s, over 320 km of dispersion-shifted fiber with 80-km amplifier

spacing [201]. Channel spacings ranged from 125 to 275 GHz in the 1532- to 1562-nm

wavelength region and were determined using a periodic allocation scheme [202]. The
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zero-dispersion wavelength of the fiber was close to 1548 nm, resulting in near phase

matching of many FWM components. Nonetheless, the system performed quite well

with less than 1.5-dB power penalty for all channels.

The use of a nonuniform channel spacing is not always practical because many
WDM components, such as optical filters and waveguide-grating routers, require equal

channel spacings. A practical solution is offered by the periodic dispersion-management

technique discussed in Section 7.8. In this case, fibers with normal and anomalous

GVD are combined to form a dispersion map such that GVD is high locally all along

the fiber even though its average value is quite low. As a result, the FWM efficiency r/ p
is negligible throughout the fiber, resulting in little FWM-induced crosstalk. The use of

dispersion management is common for suppressing FWM in WDM systems because of

its practical simplicity. In fact, new kinds of fibers, called nonzero-dispersion-shifted

fibers (NZDSFs), were designed and marketed after the advent ofWDM systems. Typ-

ically, GVD is in the range of 4-8 ps/(km-nm) in such fibers to ensure that the FWM-
induced crosstalk is minimized.

8.3.7 Other Design Issues

The design of WDM communication systems requires careful consideration of many

transmitter and receiver characteristics. An important issue concerns the stability of the

carrier frequency (or wavelength) associated with each channel. The frequency of light

emitted from DFB or DBR semiconductor lasers can change considerably because of

changes in the operating temperature (~ 10 GHz/°C). Similar changes can also occur

with the aging of lasers [203]. Such frequency changes are generally not of concern for

single-channel systems. In the case ofWDM lightwave systems it is important that the

carrier frequencies of all channels remain stable, at least relatively, so that the channel

spacing does not fluctuate with time.

A number of techniques have been used for frequency stabilization [204]—[209]

.

A common technique uses electrical feedback provided by a frequency discriminator

using an atomic or molecular resonance to lock the laser frequency to the resonance

frequency. For example, one can use ammonia, krypton, or acetylene for semicon-

ductor lasers operating in the 1.55-jUm region, as all three have resonances near that

wavelength. Frequency stability to within 1 MHz can be achieved by this technique.

Another technique makes use of the optogalvanic effect to lock the laser frequency to

an atomic or molecular resonance. A phase-locked loop can also be used for frequency

stabilization. In another scheme, a Michelson interferometer, calibrated by using a

frequency-stabilized master DFB laser, provides a set of equally spaced reference fre-

quencies [205]. A FP filter, an AWG, or any other filter with a comb-like periodic

transmission spectrum can also be used for this purpose because it provides a reference

set of equally spaced frequencies [206]. A fiber grating is useful for frequency stabi-

lization but a separate grating is needed for each channel as its reflection spectrum is

not periodic [207]. A frequency-dithered technique in combination with an AWG and

an amplitude modulator can stabilize the channel frequency to within 0.3 GHz [209].

An important issue in the design ofWDM networks is related to the loss of signal

power that occurs because of insertion, distribution, and transmission losses. Optical

amplifiers are used to compensate for such losses but not all channels are amplified by
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the same factor unless the gain spectrum is flat over the entire bandwidth of the WDM
signal. Although gain-flattening techniques are commonly employed, channel powers

can still deviate by 10 dB or more when the WDM signal passes through many optical

amplifiers before being detected. It may then become necessary to control the power

of individual channels (through selective attenuation) at each node within a WDM
network to make the channel powers nearly uniform. The issue of power management

inWDM networks is quite complex and requires attention to many details [210]—[212].

The buildup of amplifier noise can also become a limiting factor when the WDM signal

passes through a large number of amplifiers.

Another major issue in the design of WDM systems concerns dispersion manage-

ment. As discussed in Chapter 7, dispersion-management techniques are commonly

used for WDM networks. However, in a reconfigurable network the exact path of a

WDM channel can change in a dynamic fashion. Such networks will require compen-

sation of residual dispersion at individual nodes. Network management is an active

area of research and requires attention to many details [213].

8.4 Time-Division Multiplexing

As discussed in Section 1.2, TDM is commonly performed in the electrical domain

to obtain digital hierarchies for telecommunication systems. In this sense, even single-

channel lightwave systems carry multipleTDM channels. The electrical TDM becomes

difficult to implement at bit rates above 10 Gb/s because of the limitations imposed by

high-speed electronics. A solution is offered by the optical TDM (OTDM), a scheme

that can increase the bit rate of a single optical carrier to values above 1 Tb/s. The

OTDM technique was studied extensively during the 1990s [2 14]—[219] . Its commer-

cial deployment requires new types of optical transmitters and receivers based on all-

optical multiplexing and demultiplexing techniques. In this section we first discuss

these new techniques and then focus on the design and performance issues related to

OTDM lightwave systems.

8.4.1 Channel Multiplexing

In OTDM lightwave systems, several optical signals at a bit rate B share the same

carrier frequency and are multiplexed optically to form a composite bit stream at the

bit rate NB, where N is the number of channels. Several multiplexing techniques can

be used for this purpose [219]. Figure 8.26 shows the design of an OTDM transmitter

based on the delay-line technique. It requires a laser capable of generating a periodic

pulse train at the repetition rate equal to the single-channel bit rate B. Moreover, the

laser should produce pulses of width Tp such that Tp < Tb = (
NB)~ l

to ensure that

each pulse will fit within its allocated time slot 7#. The laser output is split equally into

N branches, after amplification if necessary. A modulator in each branch blocks the

pulses representing 0 bits and creates N independent bit streams at the bit rate B.

Multiplexing ofN bit streams is achieved by a delay technique that can be imple-

mented optically in a simple manner. In this scheme, the bit stream in the nth branch is

delayed by an amount (n— 1)/

(

NB), where n— 1 , . .
.

,

N. The output of all branches is
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Figure 8.26: Design of an OTDM transmitter based on optical delay lines.

then combined to form a composite signal. It should be clear that the multiplexed bit

stream produced using such a scheme has a bit slot corresponding to the bit rate NB.

Furthermore, N consecutive bits in each interval of duration B
~

1 belong to N different

channels, as required by the TDM scheme (see Section 1.2).

The entire OTDM multiplexer (except for modulators which require LiNbO 3 or

semiconductor waveguides) can be built using single-mode fibers. Splitting and recom-

bining of signals in N branches can be accomplished with 1 xiV fused fiber couplers.

The optical delay lines can be implemented using fiber segments of controlled lengths.

As an example, a 1-mm length difference introduces a delay of about 5 ps. Note that

the delay lines can be relatively long (10 cm or more) because only the length differ-

ence has to be matched precisely. For a precision of 0. 1 ps, typically required for a

40-Gb/s OTDM signal, the delay lengths should be controlled to within 20 gm. Such

precision is hard to realize using optical fibers.

An alternative approach makes use of planar lightwave circuits fabricated using

the silica-on-silicon technology [41]—[45]. Such devices can be made polarization in-

sensitive while providing a precise control of the delay lengths. However, the entire

multiplexer cannot be built in the form of a planar lightwave circuit as modulators

cannot be integrated with this technology. A simple approach consists of inserting

an InP chip containing an array of electroabsorption modulators in between the silica

waveguides that are used for splitting, delaying and combining the multiple channels

(see Fig. 8.26). The main problem with this approach is the spot-size mismatch as the

optical signal passes from Si to InP waveguide (and vice versa). This problem can

be solved by integrating spot-size converters with the modulators. Such an integrated

OTDM multiplexer was used in a 160-Gb/s experiment in which 16 channels, each

operating at 10 Gb/s were multiplexed [218].

An important difference between the OTDM and WDM techniques should be ap-

parent from Fig. 8.26: The OTDM technique requires the use of the RZ format (see

Section 1.2.3). In this respect, OTDM is similar to soliton systems (covered in Chap-

ter 9), which must also use the RZ format. Historically, the NRZ format used before

the advent of lightwave technology was retained even for optical communication sys-

tems. Starting in the late 1990s, the RZ format began to appear in dispersion-managed

WDM systems in the form of CRZ format. The use of OTDM requires optical sources

emitting a train of short optical pulses at a repetition rate as high as 40 GHz. Two types



8.4. TIME-DIVISIONMULTIPLEXING 377

of lasers are commonly used for this purpose [219]. In one approach, gain switching

or mode locking of a semiconductor laser provides 10-20 ps pulses at a high repetition

rate, which can be compressed using a variety of techniques [40]. In another approach,

a fiber laser is harmonically mode locked using an intracavity LiNbO 3 modulator [40].

Such lasers can provide pulse widths ~ 1 ps at a repetition rate of up to 40 GHz. More

details on short-pulse transmitters are given in Section 9.2.4.

8.4.2 Channel Demultiplexing

Demultiplexing of individual channels from an OTDM signal requires electro-optic

or all-optical techniques. Several schemes have been developed, each having its own

merits and drawbacks [2 1 6]—[220] . Figure 8.27 shows three schemes discussed in this

section. All demultiplexing techniques require a clock signal—a periodic pulse train

at the single-channel bit rate. The clock signal is in the electric form for electro-optic

demultiplexing but consists of an optical pulse train for all-optical demultiplexing.

The electro-optic technique uses several MZ-type LiNbO 3 modulators in series.

Each modulator halves the bit rate by rejecting alternate bits in the incoming signal.

Thus, an 8-channel OTDM system requires three modulators, driven by the same elec-

trical clock signal (see Fig. 8.27), but with different voltages equal to 4Vo, 2Vo, and Vo,

where Vo is the voltage required for n phase shift in one arm of the MZ interferome-

ter. Different channels can be selected by changing the phase of the clock signal. The

main advantage of this technique is that it uses commercially available components.

However, it has several disadvantages, the most important being that it is limited by

the speed of modulators. The electro-optic technique also requires a large number of

expensive components, some of which need high drive voltage.

Several all-optical techniques make use of a nonlinear optical-loop mirror (NOLM)
constructed using a fiber loop whose ends are connected to the two output ports of

a 3-dB fiber coupler as shown in Fig. 8.27(b). Such a device is also referred to as

the Sagnac interferometer. The NOLM is called a mirror because it reflects its input

entirely when the counterpropagating waves experience the same phase shift over one

round trip. However, if the symmetry is broken by introducing a relative phase shift

of n between them, the signal is fully transmitted by the NOLM. The demultiplexing

operation of an NOLM is based on the XPM [59], the same nonlinear phenomenon that

can lead to crosstalk in WDM systems.

Demultiplexing of an OTDM signal by an NOLM can be understood as follows.

The clock signal consisting of a train of optical pulses at the single-channel bit rate

is injected into the loop such that it propagates only in the clockwise direction. The

OTDM signal enters the NOLM after being equally split into counterpropagating direc-

tions by the 3-dB coupler. The clock signal introduces a phase shift through XPM for

pulses belonging to a specific channel within the OTDM signal. In the simplest case,

optical fiber itself introduces XPM. The power of the optical signal and the loop length

are made large enough to introduce a relative phase shift of n. As a result, a single

channel is demultiplexed by the NOLM. In this sense, a NOLM is the TDM counter-

part of the WDM add-drop multiplexers discussed in Section 8.2.3. All channels can

be demultiplexed simultaneously by using several NOLMs in parallel [220]. Fiber non-

linearity is fast enough that such a device can respond at femtosecond time scales. De-
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Figure 8.27: Demultiplexing schemes for OTDM signals based on (a) cascaded LiNbCb modu-

lators, (b) XPM in a nonlinear optical-loop mirror, and (c) FWM in a nonlinear medium.

multiplexing of a 6. 3-Gb/s channel from a 100-Gb/s OTDM signal was demonstrated

in 1993. By 1998, the NOLM was used to demultiplex a 640-Gb/s OTDM signal [221].

The third scheme for demultiplexing in Fig. 8.27 makes use ofFWM in a nonlinear

medium and works in a way similar to the wavelength-conversion scheme discussed

in Section 8.2.5. The OTDM signal is launched together with the clock signal (at a

different wavelength) into a nonlinear medium. The clock signal plays the role of the

pump for the FWM process. In time slots in which a clock pulse overlaps with the 1

bit of the channel that needs to be demultiplexed, FWM produces a pulse at the new

wavelength. As a result, the pulse train at this new wavelength is an exact replica of

the channel that needs to be demultiplexed. An optical filter is used to separate the

demultiplexed channel from the OTDM and clock signals. A polarization-preserving

fiber is often used as the nonlinear medium for FWM because of the ultrafast nature of

its nonlinearity and its ability to preserve the state of polarization despite environmen-

tal fluctuations. As early as 1996, error-free demultiplexing of 10-Gb/s channels from
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a 500-Gb/s OTDM signal was demonstrated by using clock pulses of about 1 ps dura-

tion [222]. This scheme can also amplify the demultiplexed channel (by up to 40 dB)

through parametric amplification inside the same fiber [223].

The main limitation of a fiber-based demultiplexer stems from the weak fiber non-

linearity. Typically, fiber length should be 5 km or more for the device to function at

practical power levels of the clock signal. This problem can be solved in two ways.

In one approach, the required fiber length is reduced by up to a factor of 10 by using

special fibers designed such that the nonlinear parameter y is enhanced because of a

reduced spot size of the fiber mode [223]. Alternatively, a different nonlinear medium

can be used in place of the optical fiber. The nonlinear medium of choice in practice is

the SOA. Both the XPM and FWM schemes have been shown to work using SOAs. In

the case of a NOLM, an SOA is inserted within the fiber loop. The XPM-induced phase

shift occurs because of changes in the refractive index induced by the clock pulses as

they saturate the SOA gain (similar to the wavelength-conversion scheme discussed

earlier). As the phase shift occurs selectively only for the data bits belonging to a spe-

cific channel, that channel is demultiplexed. The refractive-index change induced by

the SOA is large enough that a relative phase shift of k can be induced at moderate

power levels by an SOA of < 1-mm length.

The main limitation of an SOA results from its relatively slow temporal response

governed by the carrier lifetime (~ 1 ns). By injecting a CW signal with the clock

signal (at a different wavelength), the carrier lifetime can be reduced to below 100 ps.

Such demultiplexers can work at 10 Gb/s. Even faster response can be realized by

using a gating scheme. For example, by placing an SOA asymmetrically within the

NOLM such that the counterpropagating signals enter the SOA at different times, the

device can be made to respond at a time scale ^ 1 ps. Such a device is referred to

as the terahertz optical asymmetrical demultiplexer (TOAD). Its operation at bit rates

as high as 250 Gb/s was demonstrated by 1994 [224]. A MZ interferometer with two

SOAs in its two branches (see Fig. 8.20) can also demultiplex an OTDM signal at

high speeds and can be fabricated in the form an integrated compact chip using the

InGaAsP/InP technology [125]. The silica-on-silicon technology has also been used

to make a compact MZ demultiplexer in a symmetric configuration that was capable

of demultiplexing a 168-Gb/s signal [217]. If the SOAs are placed in an asymmetric

fashion, the device operates similar to a TOAD device. Figure 8.28(a) shows such a

MZ device fabricated with the InGaAsP/InP technology [225]. The offset between the

two SOAs plays a critical role in this device and is typically < 1 mm.
The operating principle behind the MZ-TOAD device can be understood from

Fig. 8.28. The clock signal (control) enters from port 3 of the MZ interferometer and

is split into two branches. It enters the SOA1 first, saturates its gain, and opens the MZ
switch through XPM-induced phase shift. A few picoseconds later, the SOA2 is satu-

rated by the clock signal. The resulting phase shift closes the MZ switch. The duration

of the switching window can be precisely controlled by the relative location of the two

SOAs as shown in Fig. 8.28(b). Such a device is not limited by the carrier lifetime and

can operate at high bit rates when designed properly.

Demultiplexing of an OTDM signal requires the recovery of a clock signal from the

OTDM signal itself. An all-optical scheme is needed because of the high bit rates asso-

ciated with OTDM signals. An optical phase-locked loop based on the FWM process
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Figure 8.28: (a) Mach-Zehnder TOAD demultiplexer with two SOAs placed asymmetrically.

Insets show the device structure, (b) Gain variations inside two SOAs and the resulting switching

window. (After Ref. [225]; ©2001 IEEE; reprinted with permission.)

is commonly used for this purpose. Schemes based on a NOLM or an injection-locked

laser can also be used [219]. Self-pulsing semiconductor lasers as well as mode-locked

fiber lasers have been used for injection locking.

8.4.3 System Performance

The transmission distance L of OTDM signals is limited in practice by fiber disper-

sion because of the use of short optical pulses (~ 1 ps) dictated by relatively high bit

rates. In fact, an OTDM signal carrying N channels at the bit rate B is equivalent to

transmitting a single channel at the composite bit rate of NB, and the bit rate-distance

product NBL is restricted by the dispersion limits found in Sections 2.4.3. As an ex-

ample, it is evident from Fig. 2.13 that a 200-Gb/s system is limited to L < 50 km even

when the system is designed to operate exactly at the zero-dispersion wavelength of

the fiber. Thus, OTDM systems require not only dispersion-shifted fibers but also the

use of dispersion-management techniques capable of reducing the impact of both the

second- and third-order dispersive effects. Even then, PMD becomes a limiting factor

for long fiber lengths and its compensation is often necessary. The intrachannel nonlin-

ear effects also limit the performance of OTDM systems; the use of soliton-like pulses

is often necessary for OTDM systems [217].

In spite of the difficulties inherent in propagation of single-carrier OTDM systems

operating at bit rates exceeding 100 Gb/s, many laboratory experiments have realized

high-speed transmission using the OTDM technique [219]. In a 1996 experiment, a

100-Gb/s OTDM signal consisting of 16 channels at 6.3 Gb/s was transmitted over

560 km by using optical amplifiers (80-km spacing) together with dispersion manage-

ment. The laser source in this experiment was a mode-locked fiber laser producing

3.5-ps pulses at a repetition rate of 6.3 GHz (the bit rate of each multiplexed channel).

A multiplexing scheme similar to that shown in Fig. 7.26 was used to generate the 100-

Gb/s OTDM signal. The total bit rate was later extended to 400 Gb/s (forty 10-Gb/s

channels) by using a supercontinuum pulse source producing 1-ps pulses [226]. Such

short pulses are needed since the bit slot is only 2.5-ps wide at 400 Gb/s. It was neces-
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sary to compensate for the dispersion slope (third-order dispersion /3 3 ) as 1 -ps pulses

were severely distorted and exhibited oscillatory tails extending to beyond 5 ps (typ-

ical characteristic of the third-order dispersion) in the absence of such compensation.

Even then, the transmission distance was limited to 40 km. In a 2000 experiment, a

1.28-Tb/s ODTM signal could be transmitted over 70 km but it required compensation

of second-, third-, and fourth-order dispersion simultaneously [227]. In a 2001 field

trial, the bit rate of the OTDM system was limited to only 160 Gb/s but the signal was

transmitted over 116 km using a standard two-fiber dispersion map [228].

A simple method for realizing high bit rates exceeding 1 Tb/s consists of combin-

ing the OTDM and WDM techniques. For example, a WDM signal consisting ofM
separate optical carriers such that each carrier carries N OTDM channels at the bit rate

B has the total capacity B io

t

= MNB. The dispersion limitations of such a system are set

by the OTDM-signal bit rate of NB. In a 1999 experiment, this approach was used to

realize a total capacity of 3 Tb/s by usingM = 19, N = 16, and Z? = 10 Gb/s [219]. The

channels were spaced 450 GHz apart (about 3.6 nm) to avoid overlap between neigh-

boring WDM channels at the 160-Gb/s bit rate. The 70-nm WDM signal occupied

both the C and L bands. The total capacity of such OTDM/WDM systems can exceed

10 Tb/s if the S band is also used although many factors such as various nonlinear ef-

fects in fibers and the practicality of dispersion compensation over a wide bandwidth

are likely to limit the system performance.

OTDM has also been used for designing transparent optical networks capable of

connecting multiple nodes for random bidirectional access [215]. Its use is especially

practical for packet-based networks employing the ATM and TCP/IP protocols. Similar

to the case of WDM networks, both single-hop and multihop architectures have been

considered. Single-hop OTDM networks use passive star couplers to distribute the

signal from one node to all other nodes. In contrast, multihop OTDM networks require

signal processing at each node to route the traffic. A packet-switching technique is

commonly used for such networks. Considerable effort was under way in 2001 for

developing packet-switched OTDM networks [229]. Their implementation requires

several new all-optical components for storage, compression, and decompression of

individual packets [230].

8.5 Subcarrier Multiplexing

In some LAN and MAN applications the bit rate of each channel should be relatively

low but the number of channels can become quite large. An example is provided by

common-antenna (cable) television (CATV) networks that have used historically elec-

trical communication techniques. The basic concept behind subcarrier multiplexing

(SCM) is borrowed from microwave technology, which employs multiple microwave

carriers for transmission of multiple channels (electrical FDM) over coaxial cables or

free space. The total bandwidth is limited to well below 1 GHz when coaxial cables are

used to transmit a multichannel microwave signal. However, if the microwave signal

is transmitted optically by using optical fibers, the signal bandwidth can easily exceed

10 GHz for a single optical carrier. Such a scheme is referred to as SCM, since mul-

tiplexing is done by using microwave subcarriers rather than the optical carrier. It has
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Figure 8.29: Schematic illustration of subcarrier multiplexing. Multiple microwave subcarriers

(SC) are modulated, and the composite electrical signal is used to modulate an optical carrier at

the transmitter (Tx).

been used commercially by the CATV industry since 1992 and can be combined with

TDM or WDM. A combination of SCM and WDM can realize bandwidths in excess

of 1 THz.

Figure 8.29 shows schematically a SCM lightwave system designed with a single

optical carrier. The main advantage of SCM is the flexibility and the upgradability

offered by it in the design of broadband networks. One can use analog or digital mod-

ulation, or a combination of the two, to transmit multiple voice, data, and video signals

to a large number of users. Each user can be served by a single subcarrier, or the multi-

channel signal can be distributed to all users as done commonly by the CATV industry.

The SCM technique has been studied extensively because of its wide-ranging practical

applications [23 1]—[234] . In this section we describe both the analog and digital SCM
systems with emphasis on their design and performance.

8.5.1 Analog SCM Systems

This book focuses mostly on digital modulation techniques as they are employed al-

most universally for lightwave systems. An exception occurs in the case of SCM sys-

tems designed for video distribution. Most CATV networks distribute television chan-

nels by using analog techniques based on frequency modulation (FM) or amplitude

modulation with vestigial sideband (AM-VSB) formats [232]. As the wave form of an

analog signal must be preserved during transmission, analog SCM systems require a

high SNR at the receiver and impose strict linearity requirements on the optical source

and the communication channel.

In analog SCM lightwave systems, each microwave subcarrier is modulated using

an analog format, and the output of all subcarriers is summed using a microwave power

combiner (see Fig. 8.29). The composite signal is used to modulate the intensity of a

semiconductor laser directly by adding it to the bias current. The transmitted power
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can be written as

P(t) = Pb

N
1 + ^ m

J
a
J
cos

(
27rfjt + 0/) ,

7=1

(8.5.1)

where P\> is the output power at the bias level and mj , aj, fj , and (f)j
are, respectively, the

modulation index, amplitude, frequency, and phase associated with the yth microwave

subcarrier; aj, fj , or (j)j is modulated to impose the signal depending on whether AM,
FM, or phase modulation (PM) is used.

The power at the receiver would also be in the form of Eq. (8.5.1) if the communi-

cation channel were perfectly linear. In practice, the analog signal is distorted during

its transmission through the fiber link. The distortion is referred to as intermodulation

distortion (IMD) and is similar in nature to the FWM distortion discussed in Section

8.3. Any nonlinearity in the response of the semiconductor laser used inside the optical

transmitter or in the propagation characteristics of fibers generates new frequencies of

the form f + fj and f + fj zb /&, some of which lie within the transmission bandwidth

and distort the analog signal. The new frequencies are referred to as the intermodula-

tion products (IMPs). These are further subdivided as two-tone IMPs and triple-beat

IMPs, depending on whether two frequencies coincide or all three frequencies are dis-

tinct. The triple-beat IMPs tend to be a major source of distortion because of their

large number. An A-channel SCM system generates N(N — \){N — 2)/2 triple-beat

terms compared with N(N — 1) two-tone terms. The second-order IMD must also be

considered if subcarriers occupy a large bandwidth.

IMD has its origin in several distinct nonlinear mechanisms. The dynamic response

of semiconductor lasers is governed by the rate equations (see Section 3.5), which

are intrinsically nonlinear. The solution of these equations provides expressions for

the second- and third-order IMPs originating from this intrinsic nonlinearity. Their

contribution is largest whenever the IMP frequency falls near the relaxation-oscillation

frequency. A second source of IMD is the nonlinearity of the power-current curve (see

Fig. 3.20). The magnitude of resulting IMPs can be calculated by expanding the output

power in a Taylor series around the bias power [232]. Several other mechanisms, such

as fiber dispersion, frequency chirp, and mode-partition noise can cause IMD, and their

impact on the SCM systems has been studied extensively [235].

The IMD-induced degradation of the system performance depends on the inter-

channel interference created by IMPs. Depending on the channel spacing among mi-

crowave subcarriers, some of the IMPs fall within the bandwidth of a specific chan-

nel and affect the signal recovery. It is common to introduce composite second-order

(CSO) and composite triple-beat (CTB) distortion by adding the power for all IMPs

that fall within the passband of a specific channel [232]. The CSO and CTB distortion

values are normalized to the carrier power of that channel and expressed in dBc units,

where the “c” in dBc denotes normalization with respect to the carrier power. Typically,

CSO and CTB distortion values should be below —60 dBc for negligible impact on the

system performance; both of them increase rapidly with an increase in the modulation

index.

System performance depends on the SNR associated with the demodulated signal.

In the case of SCM systems, the carrier-to-noise ratio (CNR) is often used in place of

SNR. The CNR is defined as the ratio of RMS carrier power to RMS noise power at
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the receiver and can be written as

CNR = (,mRP)
2
/2

+ Cf + Cf + <7fMD

(8.5.2)

where m is the modulation index, R is the detector responsivity, P is the average re-

ceived optical power, and os , Gt,Oi, and Oimd are the RMS values of the noise currents

associated with the shot noise, thermal noise, intensity noise, and IMD, respectively.

The expressions for and Oj are given in Section 4.4.1. The RMS value 07 of the

intensity noise can be obtained from Eq. (4.6.6) in Section 4.6.2. If we assume that the

relative intensity noise (RIN) of the laser is nearly uniform within the receiver band-

width,

0} = (RIN
)
(RP

)

2
(2A/)

. (8.5.3)

The RMS value of (Timd depends on the CSO and CTB distortion values.

The CNR requirements of SCM systems depend on the modulation format. In

the case of AM-VSB format, the CNR should typically exceed 50 dB for satisfactory

performance. Such large values can be realized only by increasing the received optical

power P to a relatively large value (> 0.1 mW). This requirement has two effects.

First, the power budget of AM-analog SCM systems is extremely limited unless the

transmitter power is increased above 10 mW. Second, the intensity-noise contribution

to the receiver noise dominates the system performance as of increases quadratically

with P. In fact, the CNR becomes independent of the received optical power when a /

dominates. From Eqs. (8.5.2) and (8.5.3) the limited value of CNR is given by

CNR
m

4(RIN)A/’
(8.5.4)

As an example, the RIN of the transmitter laser should be below — 150 dB/Hz to realize

a CNR of 50 dB if m = 0. 1 and A/ = 50 MHz are used as the representative values.

Larger values of RIN can be tolerated only by increasing the modulation index m or

by decreasing the receiver bandwidth. Indeed, DFB lasers with low values of the RIN
were developed during the 1990s for CATV applications. In general, the DFB laser is

biased high above threshold to provide a bias power Pt, in excess of 5 mW because its
o

RIN decreases as P
h .

High values of the bias power also permit an increase in the

modulation index m.

The intensity noise can become a problem even when the transmitter laser is se-

lected with a low RIN value to provide a large CNR in accordance with Eq. (8.5.4).

The reason is that the RIN can be enhanced during signal transmission inside optical

fibers. One such mechanism is related to multiple reflections between two reflecting

surfaces along the fiber link. As discussed in Section 5.4.5, the two reflective sur-

faces act as an FP interferometer which converts the laser-frequency noise into intensity

noise. The reflection-induced RIN depends on both the laser linewidth and the spacing

between reflecting surfaces. It can be avoided by using fiber components (splices and

connectors) with negligible parasitic reflections (< —40 dB) and by using lasers with

a narrow linewidth (< 1 MHz). Another mechanism for the RIN enhancement is pro-

vided by the dispersive fiber itself. Because of GVD, different frequency components
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travel at slightly different speeds. As a result, frequency fluctuations are converted into

intensity fluctuations during signal transmission. The dispersion-induced RIN depends

on laser linewidth and increases quadratically with fiber length. Fiber dispersion also

enhances CSO and CTB distortion for long link lengths [232]. It becomes necessary to

use dispersion-management techniques for such SCM systems. In a 1996 experiment,

the use of a chirped fiber grating for dispersion compensation reduced the RIN by

more than 30 dB for fiber spans of 30 and 60 km [236]. Of course, other compensation

techniques such as optical phase conjugation can also be used [237].

The CNR requirement can be relaxed by changing the modulation format fromAM
to FM. The bandwidth of a FM subcarrier is considerably larger (30 MHz in place of

4 MHz). However, the required CNR at the receiver is much lower (about 16 dB in

place of 50 dB) because of the so-called FM advantage that yields a studio-quality

video signal (> 50-dB SNR) with only 16-dB CNR. As a result, the optical power

needed at the receiver can be as small as 10 gW. The RIN is not much of a problem for

such systems as long as the RIN value is below — 135 dB/Hz. In fact, the receiver noise

of FM systems is generally dominated by the thermal noise. Both the AM and FM
techniques have been used successfully for analog SCM lightwave systems [232]. The

number of channels for AM systems is often limited by the clipping noise occurring

when the modulated signal drops below the laser threshold [238].

8.5.2 Digital SCM Systems

During the 1990s, the emphasis of SCM systems shifted from analog to digital modu-

lation. The frequency-shift keying (FSK) format was used for modulating microwave

subcarriers [231] as early as 1990 but its use requires coherent detection techniques

(see Chapter 10). Moreover, a single digital video channel requires a bit rate of more

100 Mb/s or more in contrast with the analog channel that occupies a bandwidth of

only about 6 MHz. For this reason, other modulation formats such as quadrature AM
(called QAM), carrierless AM/PM, and quadrature PSK have been explored. A com-

mon technique uses a multilevel QAM format. IfM represents the number of discrete

levels used, the resulting nonbinary digital signal is called M-ary because each bit can

haveM possible amplitudes (typicallyM = 64). Such a signal can be recovered at the

receiver without using coherent detection and requires a lower CNR compared with

that needed for analog AM-VSB systems. The capacity of an SCM system can be

increased considerably by employing hybrid techniques that mix analog and digital

formats [233].

To produce the QAM format from a binary bit stream, two or more neighboring bits

are combined together to form a multilevel signal at a reduced bit rate. For example,

if 2 bits are combined in pairs, one obtains a bit stream at the half bit rate but each

symbol represents four possible combinations 00, 01, 10, 11. To distinguish between

01 and 10, the signal phase should be modified. This forces one to consider both

quadratures of the microwave subcarrier (hence the name QAM). More specifically,

the jth combination is represented as

Sj(t) = CjCos(coct + 0j) = a
j
cos(coct) + b

j
sin((Qct)

,

(8.5.5)
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Figure 8.30: Frequency allocation in a multiwavelength SCM network.

where j = 1 to 4 and coc is the frequency of the subcarrier. As an example, 6
7
can

be 0, 7t/2, 7T, and 3k/

2

for the four combinations. The main point is that the four

combinations of the 2 bits are represented by four pairs of numbers of the form (a j,bj),

where aj and bj have three possible values (—1, 0, 1). The same idea can be extended

to combine more than 2 bits. The combination of m bits yields the QAM format with

M = 2m levels. It is common to refer such systems as M-QAM SCM systems.

The hybrid SCM systems that combine the analog AM-VSB format with the digital

M-QAM format have attracted considerable attention because they can transmit a large

number of video channels over the same fiber simultaneously [233]. The performance

of such systems is affected by the clipping noise, multiple optical reflections, and the

nonlinear mechanisms such as self-phase modulation (SPM) and SBS, all of which

limit the total power and the number of channels that can be multiplexed. Nevertheless,

hybrid SCM systems can transport up to 80 analog and 30 digital channels using a

single optical transmitter. If only QAM format is employed, the number of digital

channels is limited to about 80. In a 2000 experiment, 78 channels with the 64-QAM
format were transmitted over 740 km [234]. Each channel had a bit rate of 30 Mb/s,

resulting in a total capacity of 2.34 Gb/s. Such a SCM system can transport up to 500

compressed video channels. Further increase in the system capacity can be realized by

combining the SCM and WDM techniques, a topic discussed next.

8.5.3 Multiwavelength SCM Systems

The combination of WDM and SCM provides the potential of designing broadband

passive optical networks capable of providing integrated services (audio, video, data,

etc.) to a large number of subscribers [239]-[243]. In this scheme, shown schemat-

ically in Fig. 8.30, multiple optical carriers are launched into the same optical fiber

through theWDM technique. Each optical carrier carries multiple SCM channels using

several microwave subcarriers. One can mix analog and digital signals using different

subcarriers or different optical carriers. Such networks are extremely flexible and easy

to upgrade as the demand grows. As early as 1990, 16 DFB lasers with a wavelength

spacing of 2 nm in the 1 .55-/im region were modulated with 100 analog video channels

and six 622-Mb/s digital channels [240]. Video channels were multiplexed using the

SCM technique such that one DFB laser carried 10 SCM channels over the bandwidth

300-700 MHz. The ultimate potential of such WDM systems was demonstrated in a
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Figure 8.31: Predicted and measured crosstalk acquired over 25 km of fiber at 11-mW average

power. The CW laser acts as a probe and its wavelength is (a) lower or (b) higher by 8.5 nm than

the signal wavelength. (After Ref. [245]; ©1999 IEEE; reprinted with permission.)

2000 experiment in which a broadcast-and-select network was capable of delivering

10,000 channels, each operating at 20 Gb/s [242]. The network used 32 wavelengths

(on the ITU grid) each of which could carry 310 microwave subcarriers by modulating

at a composite bit rate of 20 Gb/s.

The limiting factor for multiwavelength SCM networks is interchannel crosstalk re-

sulting from both the linear and nonlinear processes [244]-[246]. The nonlinear effects

that produce interchannel crosstalk are SRS and XPM, both of which have been ana-

lyzed. Figure 8.31 shows the crosstalk measured in a two-channel experiment together

with the theoretical prediction of the SRS- and XPM-induced crosstalk levels [245].

One channel is modulated and carries the actual signal while the other operates contin-

uously (CW) but its power is low enough that it acts as a probe. The wavelength dif-

ference Amod — Acw is ±8.5 nm in the two cases shown in Fig. 8.31. The probe power

varies with time because of SRS and XPM, and the crosstalk is defined as the ratio

of radio-frequency (RF) powers in the two channels. The XPM-induced crosstalk in-

creases and the Raman-induced crosstalk decreases with the modulation frequency but

each has the same magnitude in the two cases shown in Fig. 8.31. The two crosstalks

add up in phase only when Amod < Acw, resulting in a larger value of the total crosstalk

in that case. The asymmetry seen in Fig. 8.31 is due to SRS and depends on whether

the CW probe channel is being depleted or is being amplified by the other channel.

The linear crosstalk results from the phenomenon of optical beat interference. It oc-

curs when two or more users transmit simultaneously on the same optical channel using

different subcarrier frequencies. As the optical carrier frequencies are then slightly dif-

ferent, their beating produces a beat note in the photocurrent. If the beat-note frequency

overlaps an active subcarrier channel, an interference signal would limit the detection

process in a way similar to IMD. Statistical models have been used to estimate the

probability of channel outage because of optical beat interference [244].

Multiwavelength SCM systems are quite useful for LAN and MAN applications

[239]. They can provide multiple services (telephone, analog and digital TV channels,

computer data, etc.) with only one optical transmitter and one optical receiver per user

because different services can use different microwave subcarriers. This approach low-

ers the cost of terminal equipment in access networks. Different services can be offered
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without requiring synchronization, and microwave subcarriers can be processed using

commercial electronic components. Each user is assigned a unique wavelength for

transmitting multiple SCM messages but can receive multiple wavelengths. The main

advantage of multiwavelength SCM is that the network can serve NM users, where N
is the number of optical wavelengths andM is the number of microwave carriers by us-

ing only N distinct transmitter wavelengths. The optical wavelengths can be relatively

far apart (coarse WDM) for reducing the cost of the terminal equipment. In another

approach, the hybrid fiber/coaxial (HFC) technology is used to provide broadband in-

tegrated services to the subscriber. Digital video transport systems operating at 10 Gb/s

by combining the WDM and SCM techniques are available commercially since 1996.

The use ofWDM and SCM for personal communication networks is quite appealing.

The SCM technique is also being explored for network management and performance

monitoring [247].

8.6 Code-Division Multiplexing

The multiplexing techniques discussed so far in this chapter can be classified as sched-

uled multiple-access techniques in which different users use the network according to a

fixed assignment. Their major advantage is the simplicity of data routing among users.

This simplicity, however, is achieved at the expense of an inefficient utilization of the

channel bandwidth. This drawback can be overcome by using a random multiple-

access technique that allows users to access any channel randomly at an arbitrary time.

A multiplexing scheme well known in the domain of wireless communications makes

use of the spread-spectrum technique [248]. It is referred to as code-division multiplex-

ing (CDM) because each channel is coded in such a way that its spectrum spreads over

a much wider region than occupied by the original signal.

Although spectrum spreading may appear counterintuitive from a spectral point of

view, this is not the case because all users share the same spectrum, In fact, CDM is

used extensively in microwave communications (e.g., cell phones) as it provides the

most flexibility in a multiuser environment. The term code-division multiple access

(CDMA) is often employed in place ofCDM to emphasize the asynchronous and ran-

dom nature of multiuser connections. Even though the use of CDMA for fiber-optic

communications has been studied since 1986, it was only after 1995 that the technique

of optical CDM was pursued seriously as an alternative to OTDM [249]—[271]. It can

be easily combined with the WDM technique. Conceptually, the difference between

the WDM, TDM, and CDM can be understood as follows. The WDM and TDM tech-

niques partition the channel bandwidth or the time slots among users. In contrast, all

users share the entire bandwidth and all time slots in a random fashion in the case of

CDM.

8.6.1 Direct-Sequence Encoding

The new components needed for CDM systems are the encoders and decoders located

at the transmitter and receiver ends, respectively. The encoder spreads the signal spec-

trum over a much wider region than the minimum bandwidth necessary for transmis-
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Figure 8.32: Coding of binary data in CDM systems using a signature sequence in the form of a

7-chip code.

sion. Spectral spreading is accomplished by means of a unique code that is indepen-

dent of the signal itself. The decoder uses the same code for compressing the signal

spectrum and recovering the data. The spectrum-spreading code is called a signature

sequence. An advantage of the spread-spectrum method is that it is difficult to jam or

intercept the signal because of its coded nature. The CDM technique is thus especially

useful when security of the data is of concern.

Several methods can be used for data coding including direct-sequence encoding,

time hopping, and frequency hopping. Figure 8.32 shows an example of the direct-

sequence coding for optical CDM systems. Each bit of data is coded using a signature

sequence consisting of a large number, say M, of shorter bits, called time “chips” bor-

rowing the terminology used for wireless (M = 7 in the example shown). The effective

bit rate (or the chip rate) increases by the factor ofM because of coding. The signal

spectrum is spread over a much wider region related to the bandwidth of individual

chips. For example, the signal spectrum becomes broader by a factor of 64 ifM = 64.

Of course, the same spectral bandwidth is used by many users distinguished on the

basis of different signature sequences assigned to them. The recovery of individual

signals sharing the same bandwidth requires that the signature sequences come from a

family of the orthogonal codes. The orthogonal nature of such codes ensures that each

signal can be decoded accurately at the receiver end [263]. Transmitters are allowed to

transmit messages at arbitrary times. The receiver recovers messages by decoding the

received signal using the same signature sequence that was used at the transmitter. The

decoding is accomplished using an optical correlation technique [254].

The encoders for direct-sequence coding typically use a delay-line scheme [249]

that looks superficially similar to that shown in Fig. 8.26 for multiplexing several

OTDM channels. The main difference is that a single modulator, placed after the

laser, imposes the data on the pulse train. The resulting pulse train is split into sev-

eral branches (equal to the number of code chips), and optical delay lines are used to

encode the channel. At the receiver end, the decoder consists of the delay lines in the

reverse order (matched-filter detection) such that it produces a peak in the correlation

output whenever the user’s code matches with a sequence of time chips in the received

signal. Chip patterns of other users also produce a peak through cross-correlation but

the amplitude of this peak is lower than the autocorrelation peak produced when the
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chip pattern matches precisely. An array of fiber Bragg gratings, designed with identi-

cal stop bands but different reflectivities, can also act as encoders and decoders [261].

Different gratings introduce different delays depending on their relative locations and

produce a coded version of the signal. Such grating-based devices provide encoders

and decoders in the form of a compact all-fiber device (except for the optical circulator

needed to put the reflected coded signal back onto the transmission line).

The CDM pulse trains consisting of 0 and 1 chips suffer from two problems. First,

only unipolar codes can be used simply because optical intensity or power cannot

be negative. The number of such codes in a family of orthogonal codes is often not

very large until the code length is increased to beyond 100 chips. Second, the cross-

correlation function of the unipolar codes is relatively high, making the probability of

an error also large. Both of these problems can be solved if the optical phase is used

for coding in place of the amplitude. Such schemes are being pursued and are called

coherent CDMA techniques [264]. An advantage of coherent CDM is that many fam-

ilies of bipolar orthogonal codes, developed for wireless systems and consisting of 1

and — 1 chips, can be employed in the optical domain. When a CW laser source is used

in combination with a phase modulator, another CW laser (called local oscillator) is

required at the receiver for coherent detection (see Chapter 10). On the other hand, if

ultrashort optical pulses are used as individual chips whose phase is shifted by n in

chip slots corresponding to a — 1 in the code, it is possible to decode the signal without

using coherent detection techniques.

In a 2001 experiment, a coherent CDMA system was able to recover the 2.5 Gb/s

signal transmitted using a 64-chip code [268]. A sampled (or superstructured) fiber

grating was used for coding and decoding the data. Such a grating consists of an ar-

ray of equally spaced smaller gratings so that a single pulse is split into multiple chips

during reflection. Moreover, the phase of preselected chips can be changed by n so

that each reflected pulse is converted into a phase-encoded train of chips. The decoder

consists of a matched grating such that the reflected signal is converted into a single

pulse through autocorrelation (constructive interference) for the signal bit while the

cross-correlation or destructive interference produces no signal for signals belonging

to other channels. The experiment used a NOLM (the same device used for demulti-

plexing of OTDM channels in Section 8.4) for improving the system performance. The

NOLM passed the high-intensity autocorrelation peak but blocked the low-intensity

cross-correlation peaks. The receiver was able to decode the 2.5-Gb/s bit stream from

the 160-Gchip/s pulse train with less than 3-dB penalty at a BER of less than 10
_9

.

The use of time-gating detection helps to improve the performance in the presence of

dispersive and crosstalk effects [269].

8.6.2 Spectral Encoding

Spectrum spreading can also be accomplished using the technique of frequency hop-

ping in which the carrier frequency is shifted periodically according to a preassigned

code [256]. The situation differs from WDM in the sense that a fixed frequency is

not assigned to a given channel. Rather, all channels share the entire bandwidth by

using different carrier frequencies at different times according to a code. A spectrally

encoded signal can be represented in the form of a matrix shown schematically in
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Time

Figure 8.33: Frequency hopping in CDM lightwave systems. Filled square show frequencies for

different time slots. A specific frequency-hop sequence (3, 2, 0, 5, 1, 4) is shown.

Fig. 8.33. The matrix rows correspond to assigned frequencies and the columns corre-

spond to time slots. The matrix element m\j equals 1 if and only if the frequency C0
i
is

transmitted in the interval tj. Different users are assigned different frequency-hop pat-

terns (or codes) to ensure that two users do not transmit at the same frequency during

the same time slot. The code sequences that satisfy this property are said to be orthog-

onal codes. In the case of asynchronous transmission, complete orthogonality cannot

be ensured. Such systems make use of pseudo-orthogonal codes with maximum auto-

correlation and minimum cross-correlation to ensure the BER as low as possible. In

general, the BER of such CDMA systems is relatively high (typically > 10
_6

) but can

be improved using a forward-error correction scheme.

Spectrally encoding ofCDM lightwave systems requires a rapid change in the car-

rier frequency. It is difficult to make tunable semiconductor lasers whose wavelength

can be changed over a wide range in a subnanosecond time scale. One possibility

consists of hopping the frequency of a microwave subcarrier and then use the SCM
technique for transmitting the CDM signal. This approach has the advantage that cod-

ing and decoding is done in the electrical domain, where the existing commercial mi-

crowave components can be used.

Several all-optical techniques have been developed for spectral encoding. They can

be classified as coherent or incoherent depending on the the type of optical source used

for the CDMA system. In the case of incoherent CDM, a broadband optical source such

as an LED (or spontaneous emission from a fiber amplifier) is used in combination with

a multipeak optical filter (such as an AWG) to create multiwavelength output [256].

Optical switches are then used to select different wavelengths for different chip slots.

This technique can also be used to make CDM add-drop multiplexers [234]. An ar-

ray of fiber gratings having different Bragg wavelengths can also be used for spectral
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Narrowband WDM channels
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Figure 8.34: Receiver for a hybrid WDM-CDMA system sharing the same spectral bandwidth.

A notch filter is used within the decoder to remove the WDM signal. (After Ref. [267]; ©2001
IEEE; reprinted with permission.)

encoding and decoding. A single chirped Moire grating can replace the grating array

because several gratings are written at the same location in such fiber gratings [46].

In a 2000 experiment, several Moire gratings were used to demonstrate recovery of

622-Mb/s CDM channels [265].

In another approach called coherence multiplexing [258], a broadband optical source

is used in combination with an unbalanced MZ interferometer that introduces a delay

longer than the coherence time in one of its branches. Such CDM systems rely on co-

herence to discriminate among channels and are affected severely by the optical beat

noise. In a demonstration of this technique, four 1-Gb/s channels were multiplexed.

The optical source was an SOA operating below the laser threshold so that its output

had a bandwidth of 17 nm. A differential-detection technique was used to reduce the

impact of optical beat noise. Indeed, bit-error rates below 10
~ 9 could be achieved by

using differential detection even when all four channels were operating simultaneously.

The coherent CDMA systems designed with spectral encoding make use of ultra-

short optical pulses with a relatively broad spectrum [259]. The encoder splits the

broad spectrum into many distinct wavelengths using a periodic optical filter (such as

an AWG) and then assembles different frequency signals according to the code used for

that channel. A matched-filter decoder at the receiver end performs the reverse opera-

tion so that a single ultrashort pulse is regenerated in a coherent fashion. This technique

has a distinct advantage that the CDMA signal can be overlaid over aWDM signal such

that both signals occupy the same wavelength range. Figure 8.34 shows schematically

how such a hybrid scheme works [267]. The spectrum of the received signal consists of

a broadband CDMA background and multiple sharp narrowband peaks that correspond

to various WDM channels. The CDMA background does not affect the detection of

WDM channels much because of its low amplitude. The CDMA receiver employs a

notch filter to remove the WDM signal before decoding it. The hybrid WDM-CDMA
scheme is spectrally efficient as it makes use of the unused extra bandwidth around

each WDM channel. In a 2002 experiment, a spectral efficiency of 1.6 (b/s)/Hz and a

capacity of 6.4 Tb/s were realized in the C band alone using the combination ofCDMA
and WDM techniques [271].
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Problems

8.1 Dry fibers have acceptable losses over a spectral region extending from 1 .3 to 1.6

/xm. Estimate the capacity of a WDM system covering this entire region using

40-Gb/s channels spaced apart by 50 GHz.

8.2 The C and L spectral bands cover a wavelength range from 1 .53 to 1 .61 /xm. How
many channels can be transmitted through WDM when the channel spacing is

25 GHz? What is the effective bit rate-distance product when a WDM signal

covering the two bands using 10-Gb/s channels is transmitted over 2000 km.

8.3 A 128 x 128 broadcast star is made by using 2x2 directional couplers, each

having an insertion loss of 0.2 dB. Each channel transmits 1 mW of average

power and requires 1 /xW of average received power for operation at 1 Gb/s.

What is the maximum transmission distance for each channel? Assume a cable

loss of 0.25 dB/km and a loss of 3 dB from connectors and splices.

8.4 A Fabry-Perot filter of length L has equal reflectivities R for the two mirrors.

Derive an expression for the transmission spectrum T(v) considering multiple

round trips inside the cavity containing air. Use it to show that the finesse is

given by F = kVR/( 1 —R)-

8.5 A Fabry-Perot filter is used to select 100 channels spaced apart by 0.2 nm. What

should be the length and the mirror reflectivities of the filter? Assume a refractive

index of 1.5 and an operating wavelength of 1.55 /xm.

8.6 The action of a fiber coupler is governed by the matrix equation E out
= TEin ,

where T is the 2x2 transfer matrix and E is a column vector whose two com-

ponents represent the input (or output) fields at the two ports. Assuming that the

total power is preserved, show that the transfer matrix T is given by

T =
l iVf

iVf \

where / is the fraction of the power transferred to the cross port.

8.7 Explain how a Mach-Zehnder interferometer works. Prove that the transmission

through a chain ofM such interferometers is given by T(v) = rim=i cos
2
(/rvrm ),

where Tm is the relative delay. Use the result of the preceding problem for the

transfer matrix of a 3-dB fiber coupler.

8.8 Consider a fiber coupler with the transfer matrix given in Problem 8.6. Its two

output ports are connected to each other to make a loop of length L. Find an ex-

pression for the transmittivity of the fiber loop. What happens when the coupler

splits the input power equally? Provide a physical explanation.

8.9 The reflection coefficient of a fiber grating of length L is given by

r / g
x = iKsmjqL)

8
q cos(qL) — iS sin(qL) ’

where q
2 = S 2 — k2

,
<5 = (co — C0B){n)/c is the detuning from the Bragg fre-

quency cob , and k is the coupling coefficient. Plot the reflectivity spectrum using
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k = 8 cm-1
and fi = 1.45, and a Bragg wavelength of 1.55 gm for L = 3, 5, and

8 mm. Estimate the grating bandwidth in GHz in the three cases.

8.10 You have been given ten 3-dB fiber couplers. Design a 4 x 4 demultiplexer with

as few couplers as possible.

8.11 Explain how an array of planar waveguides can be used for demultiplexing

WDM channels. Use diagrams as necessary.

8.12 Use a single fiber coupler and two fiber gratings to design an add-drop filter.

Explain how such a device functions.

8.13 Use a waveguide-grating router to design an integrated WDM transmitter. How
would the design change for a WDM receiver?

8.14 What is meant by the in-band linear crosstalk? Derive an expression for the

power penalty induced by such crosstalk for a waveguide-grating router.

8.15 Explain how stimulated Raman scattering can cause crosstalk in multichannel

lightwave systems. Derive Eq. (8.3.10) after approximating the Raman gain

spectrum by a triangular profile.

8.16 Solve the set ofM equations in Eq. (8.3.1 1) and show that the channel powers

are given by Eq. (8.3. 12).

8.17 Derive Eq. (8.3.14) by considering the nonlinear phase change induced by both

self- and cross-phase modulation.

8.18 Solve Eq. (8.3.16) and show that the FWM efficiency is given by Eq. (8.3.18).

Estimate its value for a 50-km fiber with a = 0.2 dB/km and = —
1 ps

2/km.

8.19 Derive an expression for the CNR of analog SCM lightwave systems by includ-

ing thermal noise, shot noise, and intensity noise. Show that the CNR saturates

to a constant value at high power levels.

8.20 Consider an analog SCM lightwave system operating at 1.55 /im. It uses a re-

ceiver of 90% quantum efficiency, 10 nA dark current, and thermal-noise RMS
current of 0. 1 mA over a 50-MHz bandwidth. The RIN of the transmitter laser

is — 150 dB/Hz. Calculate the average received power necessary to obtain 50-dB

CNR for an AM-VSB system with a modulation index of 0.2.
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Chapter 9

Soliton Systems

The word soliton was coined in 1965 to describe the particle-like properties of pulses

propagating in a nonlinear medium [1]. The pulse envelope for solitons not only prop-

agates undistorted but also survives collisions just as particles do. The existence of

solitons in optical fibers and their use for optical communications were suggested in

1973 [2], and by 1980 solitons had been observed experimentally [3]. The potential

of solitons for long-haul communication was first demonstrated in 1988 in an experi-

ment in which fiber losses were compensated using the technique of Raman amplifica-

tion [4]. Since then, a rapid progress during the 1990s has converted optical solitons

into a practical candidate for modern lightwave systems [5]—[9] . In this chapter we fo-

cus on soliton communication systems with emphasis on the physics and design of such

systems. The basic concepts behind fiber solitons are introduced in Section 9.1, where

we also discuss the properties of such solitons. Section 9.2 shows how fiber solitons

can be used for optical communications and how the design of such lightwave systems

differs from that of conventional systems. The loss-managed and dispersion-managed

solitons are considered in Sections 9.3 and 9.4, respectively. The effects of amplifier

noise on such solitons are discussed in Section 9.5 with emphasis on the timing-jitter

issue. Section 9.6 focuses on the design of high-capacity single-channel systems. The

use of solitons for WDM lightwave systems is discussed in Section 9.7.

9.1 Fiber Solitons

The existence of solitons in optical fibers is the result of a balance between the group-

velocity dispersion (GVD) and self-phase modulation (SPM), both of which, as dis-

cussed in Sections 2.4 and 5.3, limit the performance of fiber-optic communication

systems when acting independently on optical pulses propagating inside fibers. One

can develop an intuitive understanding of how such a balance is possible by following

the analysis of Section 2.4. As shown there, the GVD broadens optical pulses during

their propagation inside an optical fiber except when the pulse is initially chirped in the

right way (see Fig. 2.12). More specifically, a chirped pulse can be compressed during

the early stage of propagation whenever the GVD parameter /3 2 and the chirp parameter
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C happen to have opposite signs so that P2C is negative. The nonlinear phenomenon

of SPM imposes a chirp on the optical pulse such that C > 0. Since p2 < 0 in the 1.55-

jUm wavelength region, the condition P2C < 0 is readily satisfied. Moreover, as the

SPM-induced chirp is power dependent, it is not difficult to imagine that under certain

conditions, SPM and GVD may cooperate in such a way that the SPM-induced chirp is

just right to cancel the GVD-induced broadening of the pulse. The optical pulse would

then propagate undistorted in the form of a soliton.

9.1.1 Nonlinear Schrodinger Equation

The mathematical description of solitons employs the nonlinear Schrodinger (NLS)

equation, introduced in Section 5.3 [Eq. (5.3.1)] and satisfied by the pulse envelope

A(z,t) in the presence of GVD and SPM. This equation can be written as [10]

dA ip2 d 2A
+

2 dt2

IhcPA

6 dt 3
= /7|A|

2A-|a, (9.1.1)

where fiber losses are included through the a parameter while p2 and ^3 account

for the second- and third-order dispersion (TOD) effects. The nonlinear parameter

7 = 2nri2/(AAeff) is defined in terms of the nonlinear-index coefficient ri2 , the optical

wavelength A, and the effective core area A eff introduced in Section 2.6.

To discuss the soliton solutions of Eq. (9.1.1) as simply as possible, we first set

a = 0 and P3 = 0 (these parameters are included in later sections). It is useful to write

this equation in a normalized form by introducing

t C * TT
A

X ~T0
' S~ld ’

u
~VPo

(9.1.2)

where 7q is a measure of the pulse width, Pq is the peak power of the pulse, and Lp =
T2

/\p2 \

is the dispersion length. Equation (9.1.1) then takes the form

.dU s d 2U
2 dx2

+n2
\u\

2u = 0
,

(9.1.3)

where s = sgn(j32 )
= +1 or — 1, depending on whether P2 is positive (normal GVD) or

negative (anomalous GVD). The parameterN is defined as

jV
2 = jPqLd = jPqTq /\f52 \- (9.1.4)

It represents a dimensionless combination of the pulse and fiber parameters. The phys-

ical significance ofN will become clear later.

The NLS equation is well known in the soliton literature because it belongs to a

special class of nonlinear partial differential equations that can be solved exactly with

a mathematical technique known as the inverse scattering method [ 1 1]—[13]. Although

the NLS equation supports solitons for both normal and anomalous GVD, pulse-like

solitons are found only in the case of anomalous dispersion [14]. In the case of normal

dispersion (P2 > 0), the solutions exhibit a dip in a constant-intensity background.

Such solutions, referred to as dark solitons, are discussed in Section 9.1.3. This chapter

focuses mostly on pulse-like solitons, also called bright solitons.
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9.1.2 Bright Solitons

Consider the case of anomalous GVD by setting s = —
1 in Eq. (9.1.3). It is common

to introduce u = NU as a renormalized amplitude and write the NLS equation in its

canonical form with no free parameters as

1 d2
u

2 dr2
+ u

2
u = 0. (9.1.5)

This equation has been solved by the inverse scattering method [14]. Details of this

method are available in several books devoted to solitons [1 1]—[13]. The main result

can be summarized as follows. When an input pulse having an initial amplitude

u(0, t) = A/’sech(r) (9.1.6)

is launched into the fiber, its shape remains unchanged during propagation whenN = 1

but follows a periodic pattern for integer values ofN>l such that the input shape is

recovered at £ = mn/2, where m is an integer.

An optical pulse whose parameters satisfy the condition N = 1 is called the fun-

damental soliton. Pulses corresponding to other integer values ofN are called higher-

order solitons. The parameter N represents the order of the soliton. By noting that

£, = z/Ld, the soliton period zo , defined as the distance over which higher-order soli-

tons recover their original shape, is given by

„ _*T 71 T0
40

2
Ld

2 1021

' (9.1.7)

The soliton period zo and soliton orderN play an important role in the theory of optical

solitons. Figure 9. 1 shows the pulse evolution for the first-order (N = 1) and third-order

(

N

= 3) solitons over one soliton period by plotting the pulse intensity
|

u(%
,
t)|

2
(top

row) and the frequency chirp (bottom row) defined as the time derivative of the soliton

phase. Only a fundamental soliton maintains its shape and remains chirp-free during

propagation inside optical fibers.

The solution corresponding to the fundamental soliton can be obtained by solving

Eq. (9.1.5) directly, without recourse to the inverse scattering method. The approach

consists of assuming that a solution of the form

u(^r) = V(T)exp[/0(|)] (9.1.8)

exists, where V must be independent of £ for Eq. (9.1.8) to represent a fundamental

soliton that maintains its shape during propagation. The phase (j) can depend on £ but

is assumed to be time independent. When Eq. (9.1.8) is substituted in Eq. (9.1.5) and

the real and imaginary parts are separated, we obtain two real equations for V and (j).

These equations show that 0 should be of the form 0(£) = K%, where K is a constant.

The function V(t) is then found to satisfy the nonlinear differential equation

d2V

dr2
2V{K-V2

). (9.1.9)
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Figure 9.1: Evolution of the first-order (left column) and third-order (right column) solitons over

one soliton period. Top and bottom rows show the pulse shape and chirp profile, respectively.

This equation can be solved by multiplying it by 2 (dV/dx) and integrating over t. The

result is given as

(clV/dT)
2 = 2KV 2 -V4 + C, (9.1.10)

where C is a constant of integration. Using the boundary condition that both V and

dV/dx should vanish at |t| = °° for pulses, C is found to be 0. The constant K is de-

termined using the other boundary condition that V = 1 and dV/dz = 0 at the soliton

peak, assumed to occur at t = 0. Its use provides K = and hence 0 = £/2. Equa-

tion (9.1.10) is easily integrated to obtain V(t) = sech(r). We have thus found the

well-known “sech” solution
[
1 1]—[13]

= sech(r)exp(i£ /2) (9.1.11)

for the fundamental soliton by integrating the NLS equation directly. It shows that the

input pulse acquires a phase shift £ /2 as it propagates inside the fiber, but its amplitude

remains unchanged. It is this property of a fundamental soliton that makes it an ideal

candidate for optical communications. In essence, the effects of fiber dispersion are

exactly compensated by the fiber nonlinearity when the input pulse has a “sech” shape

and its width and peak power are related by Eq. (9.1.4) in such a way that N = 1.

An important property of optical solitons is that they are remarkably stable against

perturbations. Thus, even though the fundamental soliton requires a specific shape and
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Figure 9.2: Evolution of a Gaussian pulse with N = l over the range £ = 0-10. The pulse

evolves toward the fundamental soliton by changing its shape, width, and peak power.

a certain peak power corresponding to N = 1 in Eq. (9.1.4), it can be created even

when the pulse shape and the peak power deviate from the ideal conditions. Figure 9.2

shows the numerically simulated evolution of a Gaussian input pulse for which N = l

but u(0,t) = exp(— t2 /2). As seen there, the pulse adjusts its shape and width in an

attempt to become a fundamental soliton and attains a “sech” profile for % 1 . A
similar behavior is observed when N deviates from 1 . It turns out that the Mh-order

soliton can be formed when the input value ofN is in the range N — ^ toiV+j [15].

In particular, the fundamental soliton can be excited for values of N in the range 0.5

to 1.5. Figure 9.3 shows the pulse evolution for N = 1.2 over the range £ = 0-10 by

solving the NLS equation numerically with the initial condition u(0, t) = 1.2sech(r).

The pulse width and the peak power oscillate initially but eventually become constant

after the input pulse has adjusted itself to satisfy the condition N = 1 in Eq. (9.1.4).

It may seem mysterious that an optical fiber can force any input pulse to evolve

toward a soliton. A simple way to understand this behavior is to think of optical solitons

as the temporal modes of a nonlinear waveguide. Higher intensities in the pulse center

create a temporal waveguide by increasing the refractive index only in the central part

of the pulse. Such a waveguide supports temporal modes just as the core-cladding

index difference led to spatial modes in Section 2.2. When an input pulse does not

match a temporal mode precisely but is close to it, most of the pulse energy can still

be coupled into that temporal mode. The rest of the energy spreads in the form of

dispersive waves. It will be seen later that such dispersive waves affect the system

performance and should be minimized by matching the input conditions as close to

the ideal requirements as possible. When solitons adapt to perturbations adiabatically,

perturbation theory developed specifically for solitons can be used to study how the

soliton amplitude, width, frequency, speed, and phase evolve along the fiber.
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Figure 9.3: Pulse evolution for a “sech” pulse with N = 1.2 over the range % = 0-10. The pulse

evolves toward the fundamental soliton (N = 1) by adjusting its width and peak power.

9.1.3 Dark Solitons

The NLS equation can be solved with the inverse scattering method even in the case

of normal dispersion [16]. The intensity profile of the resulting solutions exhibits a dip

in a uniform background, and it is the dip that remains unchanged during propagation

inside the fiber [17]. For this reason, such solutions of the NLS equation are called

dark solitons. Even though dark solitons were discovered in the 1970s, it was only

after 1985 that they were studied thoroughly [1 8]—[28].

The NLS equation describing dark solitons is obtained from Eq. (9. 1 .5) by changing

the sign of the second term. The resulting equation can again be solved by postulating

a solution in the form of Eq. (9.1.8) and following the procedure outlined there. The

general solution can be written as [28]

ud (E,,x) = (77tanh£-j'fs:)exp(jMo£), (9.1.12)

where

£ = T](t— /c<!;), ri = uocos(j), K = uosin(j). (9.1.13)

Here, uo is the amplitude of the continuous-wave (CW) background and 0 is an internal

phase angle in the range 0 to /r/2.

An important difference between the bright and dark solitons is that the speed of a

dark soliton depends on its amplitude rj through 0. For 0 = 0, Eq. (9.1.12) reduces to

Ud(Z, T) =K0 tanh(K0 T)exp(iKo£)- (9.1.14)

The peak power of the soliton drops to zero at the center of the dip only in the 0=0
case. Such a soliton is called the black soliton. When 0^0, the intensity does not

drop to zero at the dip center; such solitons are referred to as the gray soliton. Another



410 CHAPTER 9. SOLITON SYSTEMS

Time x Time x

(a) ( b

)

Figure 9.4: (a) Intensity and (b) phase profiles of dark solitons for several values of the internal

phase (j). The intensity drops to zero at the center for black solitons.

interesting feature of dark solitons is related to their phase. In contrast with bright

solitons which have a constant phase, the phase of a dark soliton changes across its

width. Figure 9.4 shows the intensity and phase profiles for several values of </>. For

a black soliton (0 = 0), a phase shift of n occurs exactly at the center of the dip. For

other values of 0, the phase changes by an amount n — 20 in a more gradual fashion.

Dark solitons were observed during the 1980s in several experiments using broad

optical pulses with a narrow dip at the pulse center. It is important to incorporate a

n phase shift at the pulse center. Numerical simulations show that the central dip can

propagate as a dark soliton despite the nonuniform background as long as the back-

ground intensity is uniform in the vicinity of the dip [18]. Higher-order dark solitons

do not follow a periodic evolution pattern similar to that shown in Fig. 9. 1 for the third-

order bright soliton. The numerical results show that whenN > 1 ,
the input pulse forms

a fundamental dark soliton by narrowing its width while ejecting several dark-soliton

pairs in the process. In a 1993 experiment [19], 5.3-ps dark solitons, formed on a 36-ps

wide pulse from a 850-nm Ti:sapphire laser, were propagated over 1 km of fiber. The

same technique was later extended to transmit dark-soliton pulse trains over 2 km of

fiber at a repetition rate of up to 60 GHz. These results show that dark solitons can be

generated and maintained over considerable fiber lengths.

Several practical techniques were introduced during the 1990s for generating dark

solitons. In one method, a Mach-Zehnder modulator driven by nearly rectangular elec-

trical pulses, modulates the CW output of a semiconductor laser [20]. In an extension of

this method, electric modulation is performed in one of the arms of a Mach-Zehnder in-

terferometer. A simple all-optical technique consists of propagating two optical pulses,

with a relative time delay between them, in the normal-GVD region of the fiber [21].

The two pulses broaden, become chirped, and acquire a nearly rectangular shape as

they propagate inside the fiber. As these chirped pulses merge into each other, they

interfere. The result at the fiber output is a train of isolated dark solitons. In another

all-optical technique, nonlinear conversion of a beat signal in a dispersion-decreasing
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fiber was used to generate a train of dark solitons [22]. A 100-GHz train of 1.6-ps dark

solitons was generated with this technique and propagated over 2.2 km of (two soliton

periods) of a dispersion-shifted fiber. Optical switching using a fiber-loop mirror, in

which a phase modulator is placed asymmetrically, can also produce dark solitons [23].

In another variation, a fiber with comb-like dispersion profile was used to generate dark

soliton pulses with a width of 3.8 ps at the 48-GHz repetition rate [24].

An interesting scheme uses electronic circuitry to generate a coded train of dark

solitons directly from the nonreturn-to-zero (NRZ) data in electric form [25]. First,

the NRZ data and its clock at the bit rate are passed through an AND gate. The re-

sulting signal is then sent to a flip-flop circuit in which all rising slopes flip the signal.

The resulting electrical signal drives a Mach-Zehnder LiNbO 3 modulator and converts

the CW output from a semiconductor laser into a coded train of dark solitons. This

technique was used for data transmission, and a 10-Gb/s signal was transmitted over

1200 km by using dark solitons. Another relatively simple method uses spectral filter-

ing of a mode-locked pulse train through a fiber grating [26]. This scheme has also

been used to generate a 6.1-GHz train and propagate it over a 7-km-long fiber [27].

Numerical simulations show that dark solitons are more stable in the presence of noise

and spread more slowly in the presence of fiber losses compared with bright solitons.

Although these properties point to potential application of dark solitons for optical

communications, only bright solitons were being pursued in 2002 for commercial ap-

plications.

9.2 Soliton-Based Communications

Solitons are attractive for optical communications because they are able to maintain

their width even in the presence of fiber dispersion. However, their use requires sub-

stantial changes in system design compared with conventional nonsoliton systems. In

this section we focus on several such issues.

9.2.1 Information Transmission with Solitons

As discussed in Section 1.2.3, two distinct modulation formats can be used to generate

a digital bit stream. The NRZ format is commonly used because the signal bandwidth

is about 50% smaller for it compared with that of the RZ format. However, the NRZ
format cannot be used when solitons are used as information bits. The reason is easily

understood by noting that the pulse width must be a small fraction of the bit slot to

ensure that the neighboring solitons are well separated. Mathematically, the soliton

solution in Eq. (9.1.11) is valid only when it occupies the entire time window (—°° <
T < 00). It remains approximately valid for a train of solitons only when individual

solitons are well isolated. This requirement can be used to relate the soliton width To

to the bit rate B as

Tb 2qoTo ’

(9.2.1)

where Tb is the duration of the bit slot and 2qo = Tb/Tq is the separation between

neighboring solitons in normalized units. Figure 9.5 shows a soliton bit stream in the
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Figure 9.5: Soliton bit stream in RZ format. Each soliton occupies a small fraction of the bit

slot so that neighboring soliton are spaced far apart.

RZ format. Typically, spacing between the solitons exceeds four times their full width

at half maximum (FWHM).

The input pulse characteristics needed to excite the fundamental soliton can be

obtained by setting £ = 0 in Eq. (9.1.1 1). In physical units, the power across the pulse

varies as

P{t) = |A(0,f)|
2 = P0 sech

2
(f/7b). (9.2.2)

The required peak power Po is obtained from Eq. (9. 1 .4) by settingN = l and is related

to the width To and the fiber parameters as

Po=m/(yT0
2
). (9.2.3)

The width parameter To is related to the FWHM of the soliton as

Ts = 27b ln( 1 + V2) ~ 1 ,7637b. (9.2.4)

The pulse energy for the fundamental soliton is obtained using

/

oo

P(t)dt = 2P0T0 . (9.2.5)
-oo

Assuming that 1 and 0 bits are equally likely to occur, the average power of the RZ
signal becomes Ps = ES(B/2) = Po/2qo- As a simple example, Tq = 10 ps for a 10-Gb/s

soliton system if we choose qo = 5. The pulse FWHM is about 17.6 ps for To = 10 ps.

The peak power of the input pulse is 5 mW using @2 = —
1 ps

2/km and 7=2 W_1/km

as typical values for dispersion-shifted fibers. This value of peak power corresponds to

a pulse energy of 0.
1
pJ and an average power level of only 0.5 mW.

9.2.2 Soliton Interaction

An important design parameter of soliton lightwave systems is the pulse width Ts . As

discussed earlier, each soliton pulse occupies only a fraction of the bit slot. For practical

reasons, one would like to pack solitons as tightly as possible. However, the presence of

pulses in the neighboring bits perturbs the soliton simply because the combined optical

field is not a solution of the NLS equation. This phenomenon, referred to as soliton

interaction , has been studied extensively [29]—[33].
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Figure 9.6: Evolution of a soliton pair over 90 dispersion lengths showing the effects of soliton

interaction for four different choices of amplitude ratio r and relative phase 6. Initial spacing

qo = 3.5 in all four cases.

One can understand the implications of soliton interaction by solving the NLS equa-

tion numerically with the input amplitude consisting of a soliton pair so that

u(0, t) = sech(r — qo) + r sech[r(r + qo)} exp(i0) ,
(9.2.6)

where r is the relative amplitude of the two solitons, 6 is the relative phase, and 2qo
is the initial (normalized) separation. Figure 9.6 shows the evolution of a soliton pair

with qo = 3.5 for several values of the parameters r and 6. Clearly, soliton interaction

depends strongly both on the relative phase 0 and the amplitude ratio r.

Consider first the case of equal-amplitude solitons (r = 1). The two solitons at-

tract each other in the in-phase case (0 = 0) such that they collide periodically along

the fiber length. However, for 6 = tt/4, the solitons separate from each other after an

initial attraction stage. For 0 = tt/2, the solitons repel each other even more strongly,

and their spacing increases with distance. From the standpoint of system design, such

behavior is not acceptable. It would lead to jitter in the arrival time of solitons because

the relative phase of neighboring solitons is not likely to remain well controlled. One

way to avoid soliton interaction is to increase qo as the strength of interaction depends

on soliton spacing. For sufficiently large q o, deviations in the soliton position are ex-

pected to be small enough that the soliton remains at its initial position within the bit

slot over the entire transmission distance.
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The dependence of soliton separation on qo can be studied analytically by using the

inverse scattering method [29]. A perturbative approach can be used for q o 1. In the

specific case of r = 1 and 0=0, the soliton separation 2q s at any distance £, is given

by [30]

2 exp[2 (qs - qo)] = 1 + cos[4£ exp(-g0 )] • (9.2.7)

This relation shows that the spacing q s (%) between two neighboring solitons oscillates

periodically with the period

%p = (7r/2)exp(go)- (9.2.8)

A more accurate expression, valid for arbitrary values of q o, is given by [32]

= n sinh(2gQ )
cos%q)

p
2qo + sinh(2^o)

Equation (9.2.8) is quite accurate for qo > 3. Its predictions are in agreement with

the numerical results shown in Fig. 9.6 where q o = 3.5. It can be used for system

design as follows. If %pLp is much greater than the total transmission distance Lj,

soliton interaction can be neglected since soliton spacing would deviate little from its

initial value. For qo = 6, %P « 634. Using Lp = 100 km for the dispersion length,

Lt %pLp can be realized even for Lj = 10,000 km. If we use Lp = Tq /\^\ and

Tq = (2Bqo)~
l from Eq. (9.2.1), the condition Lj <C £,PLp can be written in the form

of a simple design criterion

B2Lt <
^exp(^p)

(9.2.10)

For the purpose of illustration, let us choose p 2 = — 1 ps2/km. Equation (9.2.10) then

implies that B2Lj <C 4.4 (Tb/s)
2-km if we use qo = 6 to minimize soliton interactions.

The pulse width at a given bit rate B is determined from Eq. (9.2.1). For example,

Ts = 14.7 ps at B = 10 Gb/s when qo = 6.

A relatively large soliton spacing, necessary to avoid soliton interaction, limits the

bit rate of soliton communication systems. The spacing can be reduced by up to a factor

of 2 by using unequal amplitudes for the neighboring solitons. As seen in Fig. 9.6, the

separation for two in-phase solitons does not change by more than 10% for an initial

soliton spacing as small as qo = 3.5 if their initial amplitudes differ by 10% (r = 1.1).

Note that the peak powers or the energies of the two solitons deviate by only 1%.

As discussed earlier, such small changes in the peak power are not detrimental for

maintaining solitons. Thus, this scheme is feasible in practice and can be useful for

increasing the system capacity. The design of such systems would, however, require

attention to many details. Soliton interaction can also be modified by other factors,

such as the initial frequency chirp imposed on input pulses.

9.2.3 Frequency Chirp

To propagate as a fundamental soliton inside the optical fiber, the input pulse should

not only have a “sech” profile but also be chirp-free. Many sources of short optical

pulses have a frequency chirp imposed on them. The initial chirp can be detrimental to
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Figure 9.7: Evolution of a chirped optical pulse for the case N = l and C = 0.5. For C = 0 the

pulse shape does not change, since the pulse propagates as a fundamental soliton.

soliton propagation simply because it disturbs the exact balance between the GVD and

SPM [34]—[37].

The effect of an initial frequency chirp can be studied by solving Eq. (9.1.5) nu-

merically with the input amplitude

u(0,t) = sech(r)exp(— /Ct 2
/2), (9.2.11)

where C is the chirp parameter introduced in Section 2.4.2. The quadratic form of

phase variations corresponds to a linear frequency chirp such that the optical frequency

increases with time (up-chirp) for positive values of C. Figure 9.7 shows the pulse

evolution in the case N = 1 and C = 0.5. The pulse shape changes considerably even

for C = 0.5. The pulse is initially compressed mainly because of the positive chirp;

initial compression occurs even in the absence of nonlinear effects (see Section 2.4.2).

The pulse then broadens but is eventually compressed a second time with the tails

gradually separating from the main peak. The main peak evolves into a soliton over

a propagation distance t, > 15. A similar behavior occurs for negative values of C,

although the initial compression does not occur in that case. The formation of a soliton

is expected for small values of \C\ because solitons are stable under weak perturbations.

But the input pulse does not evolve toward a soliton when \C\ exceeds a critical valve

Ccrit . The soliton seen in Fig. 9.7 does not form if C is increased from 0.5 to 2.

The critical value Ccrit of the chirp parameter can be obtained by using the inverse

scattering method [34]-[36]. It depends on N and is found to be C crit = 1 .64 forN = 1

.

It also depends on the form of the phase factor in Eq. (9.2.11). From the standpoint

of system design, the initial chirp should be minimized as much as possible. This is

necessary because even if the chirp is not detrimental for \C\ < Ccrit> a part of the pulse

energy is shed as dispersive waves during the process of soliton formation [34]. For

instance, only 83% of the input energy is converted into a soliton for the case C = 0.5

shown in Fig. 9.7, and this fraction reduces to 62% when C = 0.8.
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9.2.4 Soliton Transmitters

Soliton communication systems require an optical source capable of producing chirp-

free picosecond pulses at a high repetition rate with a shape as close to the “sech”

shape as possible. The source should operate in the wavelength region near 1.55 gm,

where fiber losses are minimum and where erbium-doped fiber amplifiers (EDFAs) can

be used for compensating them. Semiconductor lasers, commonly used for nonsoliton

lightwave systems, remain the lasers of choice even for soliton systems.

Early experiments on soliton transmission used the technique of gain switching for

generating optical pulses of 20-30 ps duration by biasing the laser below threshold and

pumping it high above threshold periodically [38]—[40]. The repetition rate was de-

termined by the frequency of current modulation. A problem with the gain-switching

technique is that each pulse becomes chirped because of the refractive-index changes

governed by the linewidth enhancement factor (see Section 3.5.3). However, the pulse

can be made nearly chirp-free by passing it through an optical fiber with normal GVD
(Pi > 0) such that it is compressed. The compression mechanism can be understood

from the analysis of Section 2.4.2 by noting that gain switching produces pulses with a

frequency chirp such that the chirp parameter C is negative. In a 1989 implementation

of this technique [39], 14-ps optical pulses were obtained at a 3-GHz repetition rate by

passing the gain-switched pulse through a 3.7-km-long fiber with /3 2 = 23 ps2/km near

1.55 jUm. An EDFA amplified each pulse to the power level required for launching

fundamental solitons. In another experiment, gain-switched pulses were simultane-

ously amplified and compressed inside an EDFA after first passing them through a nar-

rowband optical filter [40]. It was possible to generate 17-ps-wide, nearly chirp-free,

optical pulses at repetition rates in the range 6-24 GHz.

Mode-locked semiconductor lasers are also suitable for soliton communications

and are often preferred because the pulse train emitted from such lasers is nearly chirp-

free. The technique of active mode locking is generally used by modulating the laser

current at a frequency equal to the frequency difference between the two neighboring

longitudinal modes. However, most semiconductor lasers use a relatively short cavity

length (< 0.5 mm typically), resulting in a modulation frequency of more than 50 GHz.

An external-cavity configuration is often used to increase the cavity length and reduce

the modulation frequency. In a practical approach, a chirped fiber grating is spliced

to the pigtail attached to the optical transmitter to form the external cavity. Figure

9.8 shows the design of such a source of short optical pulses. The use of a chirped

fiber grating provides wavelength stability to within 0. 1 nm. The grating also offers

a self-tuning mechanism that allows mode locking of the laser over a wide range of

modulation frequencies [41]. A thermoelectric heater can be used to tune the operat-

ing wavelength over a range of 6-8 nm by changing the Bragg wavelength associated

with the grating. Such a source produces soliton-like pulses of widths 12-18 ps at a

repetition rate as large as 40 GHz and can be used at a bit rate of 40 Gb/s [42].

The main drawback of external-cavity semiconductor lasers stems from their hy-

brid nature. A monolithic source of picosecond pulses is preferred in practice. Several

approaches have been used to produce such a source. Monolithic semiconductor lasers

with a cavity length of about 4 mm can be actively mode-locked to produce a 10-GHz

pulse train. Passive mode locking of a monolithic distributed Bragg reflector (DBR)
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Figure 9.8: Schematic of (a) the device and (b) the package for a hybrid soliton pulse source.

(After Ref. [41]; ©1995 IEEE; reprinted with permission.)

laser has produced 3.5-ps pulses at a repetition rate of 40 GHz [43]. An electroab-

sorption modulator, integrated with the semiconductor laser, offers another alterna-

tive. Such transmitters are commonly used for nonsoliton lightwave systems (see Sec-

tion 3.6). They can also be used to produce a pulse train by using the nonlinear nature of

the absorption response of the modulator. Chirp-free pulses of 10- to 20-ps duration at

a repetition rate of 20 GHz were produced in 1993 with this technique [44]. By 1996,

the repetition rate of modulator-integrated lasers could be increased to 50 GHz [45].

The quantum-confinement Stark effect in a multiquantum-well modulator can also be

used to produce a pulse train suitable for soliton transmission [46].

Mode-locked fiber lasers provide an alternative to semiconductor sources although

such lasers still need a semiconductor laser for pumping [47]. An EDFA is placed

within the Fabry-Perot (FP) or ring cavity to make fiber lasers. Both active and passive

mode-locking techniques have been used for producing short optical pulses. Active

mode locking requires modulation at a high-order harmonic of the longitudinal-mode

spacing because of relatively long cavity lengths (> 1 m) that are typically used for

fiber lasers. Such harmonically mode-locked fiber lasers use an intracavity FiNbO 3

modulator and have been employed in soliton transmission experiments [48]. A semi-

conductor optical amplifier can also be used for active mode locking, producing pulses

shorter than 10 ps at a repetition rate as high as 20 GHz [49]. Passively mode-locked

fiber lasers either use a multiquantum-well device that acts as a fast saturable absorber

or employ fiber nonlinearity to generate phase shifts that produce an effective saturable

absorber.

In a different approach, nonlinear pulse shaping in a dispersion-decreasing fiber is
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used to produce a train of ultrashort pulses. The basic idea consists of injecting a CW
beam, with weak sinusoidal modulation imposed on it, into such a fiber. The combi-

nation of GVD, SPM, and decreasing dispersion converts the sinusoidally modulated

signal into a train of ultrashort solitons [50]. The repetition rate of pulses is governed

by the frequency of initial sinusoidal modulation, often produced by beating two opti-

cal signals. Two distributed feedback (DFB) semiconductor lasers or a two-mode fiber

laser can be used for this purpose. By 1993, this technique led to the development of

an integrated fiber source capable of producing a soliton pulse train at high repetition

rates by using a comb-like dispersion profile, created by splicing pieces of low- and

high-dispersion fibers [50]. A dual-frequency fiber laser was used to generate the beat

signal and to produce a 2.2-ps soliton train at the 59-GHz repetition rate. In another

experiment, a 40-GHz soliton train of 3-ps pulses was generated using a single DFB
laser whose output was modulated with a Mach-Zehnder modulator before launching

it into a dispersion-tailored fiber with a comb-like GVD profile [51].

A simple method of pulse-train generation modulates the phase of the CW output

obtained from a DFB semiconductor laser, followed by an optical bandpass filter [52].

Phase modulation generates frequency modulation (FM) sidebands on both sides of the

carrier frequency, and the optical filter selects the sidebands on one side of the carrier.

Such a device generates a stable pulse train of widths ~ 20 ps at a repetition rate that

is controlled by the phase modulator. It can also be used as a dual-wavelength source

by filtering sidebands on both sides of the carrier frequency, with a typical channel

spacing of about 0.8 nm at the 1.55-/im wavelength. Another simple technique uses

a single Mach-Zehnder modulator, driven by an electrical data stream in the NRZ
format, to convert the CW output of a DFB laser into an optical bit stream in the RZ
format [53]. Although optical pulses launched from such transmitters typically do not

have the “sech” shape of a soliton, they can be used for soliton systems because of the

soliton-formation capability of the fiber discussed earlier.

9.3 Loss-Managed Solitons

As discussed in Section 9.1, solitons use the nonlinear phenomenon of SPM to main-

tain their width even in the presence of fiber dispersion. However, this property holds

only if fiber losses were negligible. It is not difficult to see that a decrease in soli-

ton energy because of fiber losses would produce soliton broadening simply because a

reduced peak power weakens the SPM effect necessary to counteract the GVD. Opti-

cal amplifiers can be used for compensating fiber losses. This section focuses on the

management of losses through amplification of solitons.

9.3.1 Loss-Induced Soliton Broadening

Fiber losses are included through the last term in Eq. (9.1.1). In normalized units, the

NLS equation becomes [see Eq. (9.1.5)]

1 d 2
u

2 <9t2
(9.3.1)
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Figure 9.9: Broadening of fundamental solitons in lossy fibers (T = 0.07). The curve marked

“exact” shows numerical results. Dashed curve shows the behavior expected in the absence of

nonlinear effects. (After Ref. [55]; ©1985 Elsevier; reprinted with permission.)

where T = gcLd represents fiber losses over one dispersion length. When T 1 , the last

term can be treated as a small perturbation [54]. The use of variational or perturbation

methods results in the following approximate solution of Eq. (9.3.1):

m(£,t) ~ e
-r

^sech(Te
_r

^)exp[i(l — e~2r^)/4F\. (9.3.2)

The solution (9.3.2) shows that the soliton width increases exponentially because

of fiber losses as

T
t ($) = 7bexp(r§) = 7bexp(az). (9.3.3)

Such an exponential increase in the soliton width cannot be expected to continue for

arbitrarily long distances. Numerical solutions of Eq. (9.3.1) indeed show a slower

increase for ^ ^ 1 [55]. Figure 9.9 shows the broadening factor T\/Tq as a function of

£ when a fundamental soliton is launched into a fiber with T = 0.07. The perturbative

result is also shown for comparison; it is reasonably accurate up to r<^ = 1. The dashed

line in Fig. 9.9 shows the broadening expected in the absence of nonlinear effects.

The important point to note is that soliton broadening is much less compared with the

linear case. Thus, the nonlinear effects can be beneficial even when solitons cannot be

maintained perfectly because of fiber losses. In a 1986 study, an increase in the repeater

spacing by more than a factor of 2 was predicted using higher-order solitons [56].

In modern long-haul lightwave systems, pulses are transmitted over long fiber

lengths without using electronic repeaters. To overcome the effect of fiber losses, soli-

tons should be amplified periodically using either lumped or distributed amplification

[57]—[60]. Figure 9.10 shows the two schemes schematically. The next two subsec-

tions focus on the design issues related to loss-managed solitons based on these two

amplification schemes.
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Figure 9.10: (a) Lumped and (b) distributed amplification schemes for compensation of fiber

losses in soliton communication systems.

9.3.2 Lumped Amplification

The lumped amplification scheme shown in Fig. 9.10 is the same as that used for non-

soliton systems. In both cases, optical amplifiers are placed periodically along the fiber

link such that fiber losses between two amplifiers are exactly compensated by the am-

plifier gain. An important design parameter is the spacing La between amplifiers—it

should be as large as possible to minimize the overall cost. For nonsoliton systems, La
is typically 80-100 km. For soliton systems, La is restricted to much smaller values

because of the soliton nature of signal propagation [57].

The physical reason behind smaller values ofLa is that optical amplifiers boost soli-

ton energy to the input level over a length of few meters without allowing for gradual

recovery of the fundamental soliton. The amplified soliton adjusts its width dynami-

cally in the fiber section following the amplifier. However, it also sheds a part of its

energy as dispersive waves during this adjustment phase. The dispersive part can ac-

cumulate to significant levels over a large number of amplification stages and must be

avoided. One way to reduce the dispersive part is to reduce the amplifier spacing La
such that the soliton is not perturbed much over this short length. Numerical simula-

tions show [57] that this is the case when La is a small fraction of the dispersion length

(L>a ^ Ld ). The dispersion length Lo depends on both the pulse width Tq and the GVD
parameter and can vary from 10 to 1000 km depending on their values.

Periodic amplification of solitons can be treated mathematically by adding a gain

term to Eq. (9.3.1) and writing it as [61]

,du 1 d 2u
. l9 / i /f,w ^+

2 dr1
+ ^ U = ~2Tu+

2
8^LdU

'
9,34

where g(^) = gm8(% — £m ), Na is the total number of amplifiers, and gm is the

gain of the lumped amplifier located at <^m . If we assume that amplifiers are spaced

uniformly, E, m = ra<^, where %a — La/

L

p is the normalized amplifier spacing.
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Because of rapid variations in the soliton energy introduced by periodic gain-loss

changes, it is useful to make the transformation

= \/p(4M4,t), (9.3.5)

where p(%) is a rapidly varying and v(£, t) is a slowly varying function of Substi-

tuting Eq. (9.3.5) in Eq. (9.3.4), v(£
,
t) is found to satisfy

+ +/,(4)M 2v = °. (9.3.6)

where /?(£) is obtained by solving the ordinary differential equation

dp

dt,
[g{^)LD -T]p. (9.3.7)

The preceding equations can be solved analytically by noting that the amplifier gain is

just large enough that /?(£) is a periodic function; it decreases exponentially in each

period as /?(§) = exp(—IT;) but jumps to its initial value p(0) = 1 at the end of each

period. Physically, p(£) governs variations in the peak power (or the energy) of a

soliton between two amplifiers. For a fiber with losses of 0.2 dB/km, /?(£) varies by a

factor of 100 when La = 100 km.

In general, changes in soliton energy are accompanied by changes in the soliton

width. Large rapid variations in p(^) can destroy a soliton if its width changes rapidly

through emission of dispersive waves. The concept of the path-averaged or guiding-

center soliton makes use of the fact that solitons evolve little over a distance that is

short compared with the dispersion length (or soliton period). Thus, when <3 A < 1,

the soliton width remains virtually unchanged even though its peak power p(%) varies

considerably in each section between two neighboring amplifiers. In effect, we can

replace p(%) by its average value p in Eq. (9.3.6) when %a 1. Introducing u = y/pv

as a new variable, this equation reduces to the standard NLS equation obtained for a

lossless fiber.

From a practical viewpoint, a fundamental soliton can be excited if the input peak

power Ps (or energy) of the path-averaged soliton is chosen to be larger by a factor 1 /p.

Introducing the amplifier gain as G = exp(r^) and using p = Jq
A e~r^d%, the

energy enhancement factor for loss-managed (LM) solitons is given by

Ps _ 1 _ r^A _ GlnG

^
_
^
_ " g^T’

(9.3.8)

where Pq is the peak power in lossless fibers. Thus, soliton evolution in lossy fibers

with periodic lumped amplification is identical to that in lossless fibers provided (i)

amplifiers are spaced such that La Ld and (ii) the launched peak power is larger by

a factor /lm- As an example, G = 10 and /lm ~ 2.56 for 50-km amplifier spacing and

fiber losses of 0.2 dB/km.

Figure 9.11 shows the evolution of a loss-managed soliton over a distance of 10Mm
assuming that solitons are amplified every 50 km. When the input pulse width corre-

sponds to a dispersion length of 200 km, the soliton is preserved quite well even after
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(a) (b)

Figure 9.11: Evolution of loss-managed solitons over 10,000 km for (a) Lp = 200 km and (b)

25 km with La = 50 km, a = 0.22 dB/km, and ft = —0.5 ps2/km.

10 Mm because the condition ^ 1 is reasonably well satisfied. However, if the

dispersion length is reduced to 25 km (%a = 2), the soliton is unable to sustain itself

because of excessive emission of dispersive waves. The condition %a <C 1 or La Ld,

required to operate within the average-soliton regime, can be related to the width To by

using Ld = Tq /\p2 \. The resulting condition is

To > V\Pi\La. (9.3.9)

Since the bit rate B is related to To through Eq. (9.2.1), the condition (9.3.9) can be

written in the form of the following design criterion:

B2LA «(4^ Iftl)-
1

. (9.3.10)

Choosing typical values /32 = —0.5 ps
2/km, La = 50 km, and qo = 5, we obtain To

5 ps and B 20 GHz. Clearly, the use of path-averaged solitons imposes a severe

limitation on both the bit rate and the amplifier spacing for soliton communication

systems.

9.3.3 Distributed Amplification

The condition La <C Lp, imposed on loss-managed solitons when lumped amplifiers are

used, becomes increasingly difficult to satisfy in practice as bit rates exceed 10 Gb/s.

This condition can be relaxed considerably when distributed amplification is used. The

distributed-amplification scheme is inherently superior to lumped amplification since

its use provides a nearly lossless fiber by compensating losses locally at every point

along the fiber link. In fact, this scheme was used as early as 1985 using the distributed

gain provided by Raman amplification when the fiber carrying the signal was pumped

at a wavelength of about 1.46 gm using a color-center laser [59]. Alternatively, the

transmission fiber can be doped lightly with erbium ions and pumped periodically to

provide distributed gain. Several experiments have demonstrated that solitons can be

propagated in such active fibers over relatively long distances [62]—[66].
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The advantage of distributed amplification can be seen from Eq. (9.3.7), which can

be written in physical units as

-j- = [s{z)~<Ap- (9.3.11)
ctz

If g(z) is constant and equal to a for all z, the peak power or energy of a soliton remains

constant along the fiber link. This is the ideal situation in which the fiber is effectively

lossless. In practice, distributed gain is realized by injecting pump power periodically

into the fiber link. Since pump power does not remain constant because of fiber losses

and pump depletion (e.g., absorption by dopants), g(z) cannot be kept constant along

the fiber. However, even though fiber losses cannot be compensated everywhere locally,

they can be compensated fully over a distance LA provided that

[

LA

g(z)dz=aLA . (9.3.12)
Jo

A distributed-amplification scheme is designed to satisfy Eq. (9.3.12). The distance LA
is referred to as the pump-station spacing.

The important question is how much soliton energy varies during each gain-loss

cycle. The extent of peak-power variations depends on L A and on the pumping scheme

adopted. Backward pumping is commonly used for distributed Raman amplification

because such a configuration provides high gain where the signal is relatively weak.

The gain coefficient g(z) can be obtained following the discussion in Section 6.3.

If we ignore pump depletion, the gain coefficient in Eq. (9.3.11) is given by g(z) =
goexp[— otp(LA — z)], where ap accounts for fiber losses at the pump wavelength. The

resulting equation can be integrated analytically to obtain

p{z) = exp aLA
exp(apz) -

1

exp(apLA )
-

1

(9.3.13)

where go was chosen to ensure that p(LA )
= 1. Figure 9.12 shows how p(z) varies

along the fiber for LA = 50 km using a = 0.2 dB/km and ap = 0.25 dB/km. The case

of lumped amplification is also shown for comparison. Whereas soliton energy varies

by a factor of 10 in the lumped case, it varies by less than a factor of 2 in the case of

distributed amplification.

The range of energy variations can be reduced further using a bidirectional pumping

scheme. The gain coefficient g(z) in this case can be approximated (neglecting pump
depletion) as

g(z) = giexp(-apz) + g2 exp[-ap (LA - z)]. (9.3.14)

The constants gi and g2 are related to the pump powers injected at both ends. Assuming

equal pump powers and integrating Eq. (9.3.1 1), the soliton energy is found to vary as

p(z) = exp aLA f sinh[ccp(z-

L

A /2)\ + sinh(apLA /2)

\ 2sinh(apLA /2)
-az\ (9.3.15)

This case is shown in Fig. 9.12 by a dashed line. Clearly, a bidirectional pumping

scheme is the best as it reduces energy variations to below 15%. The range over which
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Figure 9.12: Variations in soliton energy for backward (solid line) and bidirectional (dashed

line) pumping schemes with La = 50 km. The lumped-amplifier case is shown by the dotted

line.

p(z) varies increases with L^. Nevertheless, it remains much smaller than that occur-

ring in the lumped-amplification case. As an example, soliton energy varies by a factor

of 100 or more when La = 100 km if lumped amplification is used but by less than a

factor of 2 when the bidirectional pumping scheme is used for distributed amplification.

The effect of energy excursion on solitons depends on the ratio %a = La/Ld. When

%a < 1, little soliton reshaping occurs. For ^ 1, solitons evolve adiabatically with

some emission of dispersive waves (the quasi-adiabatic regime). For intermediate val-

ues of a more complicated behavior occurs. In particular, dispersive waves and

solitons are resonantly amplified when %a — 4n. Such a resonance can lead to unsta-

ble and chaotic behavior [60]. For this reason, distributed amplification is used with

in practice [62]—[66].

Modeling of soliton communication systems making use of distributed amplifica-

tion requires the addition of a gain term to the NLS equation, as in Eq. (9.3.4). In the

case of soliton systems operating at bit rates B > 20 Gb/s such that 7 q < 5 ps, it is also

necessary to include the effects of third-order dispersion (TOD) and a new nonlinear

phenomenon known as the soliton self-frequency shift (SSFS). This effect was discov-

ered in 1986 [67] and can be understood in terms of intrapulse Raman scattering [68].

The Raman effect leads to a continuous downshift of the soliton carrier frequency when

the pulse spectrum becomes so broad that the high-frequency components of a pulse

can transfer energy to the low-frequency components of the same pulse through Ra-

man amplification. The Raman-induced frequency shift is negligible for To > 10 ps but

becomes of considerable importance for short solitons (To < 5 ps). With the inclusion

of SSFS and TOD, Eq. (9.3.4) takes the form [10]

.du 1 d2
u 2

•JJ+2W + M" I i/i m
<9t3 d T

7
(9.3.16)
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where the TOD parameter £3 and the Raman parameter tr are defined as

8 = /33 /(6|/32 |7b), Tr = Tr/T0 . (9.3.17)

The quantity Tr is related to the slope of the Raman gain spectrum and has a value of

about 3 fs for silica fibers [10].

Numerical simulations based on Eq. (9.3. 16) show that the distributed-amplification

scheme benefits considerably high-capacity soliton communication systems [69]. For

example, when Lp = 50 km but amplifiers are placed 100 km apart, fundamental soli-

tons with Tq = 5 ps are destroyed after 500 km in the case of lumped amplifiers but can

propagate over a distance of more than 5000 km when distributed amplification is used.

For soliton widths below 5 ps, the Raman-induced spectral shift leads to considerable

changes in the evolution of solitons as it modifies the gain and dispersion experienced

by solitons. Fortunately, the finite gain bandwidth of amplifiers reduces the amount of

spectral shift and stabilizes the soliton carrier frequency close to the gain peak [63].

Under certain conditions, the spectral shift can become so large that it cannot be com-

pensated, and the soliton moves out of the gain window, loosing all its energy.

9.3.4 Experimental Progress

Early experiments on loss-managed solitons concentrated on the Raman-amplification

scheme. An experiment in 1985 demonstrated that fiber losses can be compensated

over 10 km by the Raman gain while maintaining the soliton width [59]. Two color-

center lasers were used in this experiment. One laser produced 10-ps pulses at 1.56 gm,
which were launched as fundamental solitons. The other laser operated continuously

at 1 .46 /im and acted as a pump for amplifying 1.56-/im solitons. In the absence of the

Raman gain, the soliton broadened by about 50% because of loss-induced broadening.

This amount of broadening was in agreement with Eq. (9.3.3), which predicts 7T/7o =

1.5 1 for z= 10 km and a = 0. 18 dB/km, the values used in the experiment. When the

pump power was about 125 mW, the 1.8-dB Raman gain compensated the fiber losses

and the output pulse was nearly identical with the input pulse.

A 1988 experiment transmitted solitons over 4000 km using the Raman-amplifica-

tion scheme [4]. This experiment used a 42-km fiber loop whose loss was exactly

compensated by injecting the CW pump light from a 1.46-jUm color-center laser. The

solitons were allowed to circulate many times along the fiber loop and their width

was monitored after each round trip. The 55-ps solitons could be circulated along

the loop up to 96 times without a significant increase in their pulse width, indicating

soliton recovery over 4000 km. The distance could be increased to 6000 km with

further optimization. This experiment was the first to demonstrate that solitons could

be transmitted over transoceanic distances in principle. The main drawback was that

Raman amplification required pump lasers emitting more than 500 mW of CW power

near 1.46 /im. It was not possible to obtain such high powers from semiconductor

lasers in 1988, and the color-center lasers used in the experiment were too bulky to be

useful for practical lightwave systems.

The situation changed with the advent of EDFAs around 1989 when several exper-

iments used them for loss-managed soliton systems [38]—[40] . These experiments can
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Figure 9.13: Setup used for soliton transmission in a 1990 experiment. Two EDFAs after the

LiNb03 modulator boost pulse peak power to the level of fundamental solitons. (After Ref. [70];

©1990 IEEE; reprinted with permission.)

be divided into two categories, depending on whether a linear fiber link or a recircu-

lating fiber loop is used for the experiment. The experiments using fiber link are more

realistic as they mimic the actual field conditions. Several 1990 experiments demon-

strated soliton transmission over fiber lengths ~100 km at bit rates of up to 5 Gb/s

[70]—[72]. Figure 9.13 shows one such experimental setup in which a gain-switched

laser is used for generating input pulses. The pulse train is filtered to reduce the fre-

quency chirp and passed through a LiNb03 modulator to impose the RZ format on

it. The resulting coded bit stream of solitons is transmitted through several fiber sec-

tions, and losses of each section are compensated by using an EDFA. The amplifier

spacing is chosen to satisfy the criterion L& <C Lp and is typically in the range 25-40

km. In a 1991 experiment, solitons were transmitted over 1000 km at 10 Gb/s [73].

The 45-ps-wide solitons permitted an amplifier spacing of 50 km in the average-soliton

regime.

Since 1991, most soliton transmission experiments have used a recirculating fiber-

loop configuration because of cost considerations. Figure 9.14 shows such an exper-

imental setup schematically. A bit stream of solitons is launched into the loop and

forced to circulate many times using optical switches. The quality of the signal is

monitored after each round trip to ensure that the solitons maintain their width during

transmission. In a 1991 experiment, 2.5-Gb/s solitons were transmitted over 12,000 km
by using a 75-km fiber loop containing three EDFAs, spaced apart by 25 km [74]. In

this experiment, the bit rate-distance product ofBL = 30 (Tb/s)-km was limited mainly

by the timing jitter induced by EDFAs. The use of amplifiers degrades the signal-to-

noise ratio (SNR) and shifts the position of solitons in a random fashion. These issues

are discussed in Section 9.5.

Because of the problems associated with the lumped amplifiers, several schemes

were studied for reducing the timing jitter and improving the performance of soliton

systems. Even the technique of Raman amplification was revived in 1999 and has
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Figure 9.14: Recirculating-loop configuration used in a 1991 experiment for transmitting soli-

tons over 12,000 km. (After Ref. [74]; ©1991 IEE; reprinted with permission.)

become quite common for both the soliton and nonsoliton systems. Its revival was

possible because of the technological advances in the fields of semiconductor and fiber

lasers, both of which can provide power levels in excess of 500 mW. The use of

dispersion management also helps in reducing the timing jitter. We turn to dispersion-

managed solitons next.

9.4 Dispersion-Managed Solitons

As discussed in Chapter 7, dispersion management is employed commonly for mod-

ern wavelength-division multiplexed (WDM) systems. It turns out that soliton sys-

tems benefit considerably if the GVD parameter p 2 varies along the link length. This

section is devoted to such dispersion-managed solitons. We first consider dispersion-

decreasing fibers and then focus on dispersion maps that consist of multiple sections of

constant-dispersion fibers.

9.4.1 Dispersion-Decreasing Fibers

An interesting scheme proposed in 1987 relaxes completely the restriction La Lq
imposed normally on loss-managed solitons, by decreasing the GVD along the fiber

length [75]. Such fibers are called dispersion-decreasing fibers (DDFs) and are de-

signed such that the decreasing GVD counteracts the reduced SPM experienced by

solitons weakened from fiber losses.

Since dispersion management is used in combination with loss management, soli-

ton evolution in a DDF is governed by Eq. (9.3.6) except that the second-derivative

term has a new parameter d that is a function of t, because of GVD variations along

the fiber length. The modified NLS equation takes the form

•
<?v 1 r/f, x

d2
v

/f0 \. .?

l

dS+2
d^dr2+ p(S)\v \

v = 0
’

(9.4.1)
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where v = u/ yjp, d{£) = ^82 ) /^82 (0) , and p(^) takes into account peak-power vari-

ations introduced by loss management. The distance £ is normalized to the dispersion

length, Lo = T0
2
/|/32(0)|, defined using the GVD value at the fiber input.

Because of the t, dependence of the second and third terms, Eq. (9.4.1) is not a

standard NLS equation. However, it can be reduced to one if we introduce a new

propagation variable as

§'=/ d[£)d$. (9.4.2)
Jo

This transformation renormalizes the distance scale to the local value ofGVD. In terms

of Eq. (9.4.1) becomes

.
dv 1 d2

v

'd^
+ 2d^ + p(l)

d{$)
v

2
v = 0. (9.4.3)

If the GVD profile is chosen such that d(^) = p(%) = exp(—r£), Eq. (9.4.3) reduces

the standard NLS equation obtained in the absence of fiber losses. As a result, fiber

losses have no effect on a soliton in spite of its reduced energy when DDFs are used.

Lumped amplifiers can be placed at any distance and are not limited by the condition

La Lp.

The preceding analysis shows that fundamental solitons can be maintained in a

lossy fiber provided its GVD decreases exponentially as

\Pi(z)\ = |/32 (0)| exp(-az). (9.4.4)

This result can be understood qualitatively by noting that the soliton peak power P0

decreases exponentially in a lossy fiber in exactly the same fashion. It is easy to deduce

from Eq. (9. 1 .4) that the requirementA = 1 can be maintained, in spite ofpower losses,

if both \p2 1

and / decrease exponentially at the same rate. The fundamental soliton then

maintains its shape and width even in a lossy fiber.

Fibers with a nearly exponential GVD profile have been fabricated [76]. A practical

technique for making such DDFs consists of reducing the core diameter along the fiber

length in a controlled manner during the fiber-drawing process. Variations in the fiber

diameter change the waveguide contribution to /3 2 and reduce its magnitude. Typically,

GVD can be varied by a factor of 10 over a length of 20 to 40 km. The accuracy realized

by the use of this technique is estimated to be better than 0.1 ps
2/km [77]. Propagation

of solitons in DDFs has been demonstrated in several experiments [77]—[79]. In a 40-

km DDF, solitons preserved their width and shape in spite of energy losses of more than

8 dB [78]. In a recirculating loop made using DDFs, a 6.5-ps soliton train at 10 Gb/s

could be transmitted over 300 km [79].

Fibers with continuously varying GVD are not readily available. As an alternative,

the exponential GVD profile of a DDF can be approximated with a staircase profile

by splicing together several constant-dispersion fibers with different /3 2 values. This

approach was studied during the 1990s, and it was found that most of the benefits of

DDFs can be realized using as few as four fiber segments [80]—[84]. How should one

select the length and the GVD of each fiber used for emulating a DDF? The answer

is not obvious, and several methods have been proposed. In one approach, power
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deviations are minimized in each section [80]. In another approach, fibers of different

GVD values Dm and different lengths L m are chosen such that the product DmLm is the

same for each section. In a third approach, Dm and Lm are selected to minimize shading

of dispersive waves [81].

9.4.2 Periodic Dispersion Maps

A disadvantage of the DDF is that the average dispersion along the link is often rel-

atively large. Generally speaking, operation of a soliton in the region of low average

GVD improves system performance. Dispersion maps consisting of alternating-GVD

fibers are attractive because their use lowers the average GVD of the entire link while

keeping the GVD of each section large enough that the four-wave mixing (FWM) and

TOD effects remain negligible.

The use of dispersion management forces each soliton to propagate in the normal-

dispersion regime of a fiber during each map period. At first sight, such a scheme

should not even work because the normal-GVD fibers do not support bright solitons

and lead to considerable broadening and chirping of the pulse. So, why should solitons

survive in a dispersion-managed fiber link? An intense theoretical effort devoted to

this issue since 1996 has yielded an answer with a few surprises [85]—[102]. Physically

speaking, if the map period is a fraction of the nonlinear length, the nonlinear effects

are relatively small, and the pulse evolves in a linear fashion over one map period. On
a longer length scale, solitons can still form if the SPM effects are balanced by the

average dispersion. As a result, solitons can survive in an average sense, even though

not only the peak power but also the width and shape of such solitons oscillate period-

ically. This section describes the properties of dispersion-managed (DM) solitons and

the advantages offered by them.

Consider a simple dispersion map consisting of two fibers with positive and nega-

tive values of the GVD parameter Soliton evolution is still governed by Eq. (9.4.1)

used earlier for DDFs. However, we cannot use £ and t as dimensionless parameters

because the pulse width and GVD both vary along the fiber. It is better to use the

physical units and write Eq. (9.4.1) as

..dB
l

lz~
fr(z) d2B

2 dt 2 + Mz)\B\
2B = 0, (9.4.5)

where B = A/y/p and p(z) is the solution of Eq. (9.3.1 1). The GVD parameter takes

values p2a and Pin in the anomalous and normal sections of lengths la and ln , respec-

tively. The map period Lmap = la -\-ln can be different from the amplifier spacing La .

As is evident, the properties of DM solitons will depend on several map parameters

even when only two types of fibers are used in each map period.

Equation (9.4.5) can be solved numerically using the split-step Fourier method.

Numerical simulations show that a nearly periodic solution can often be found by ad-

justing input pulse parameters (width, chirp, and peak power) even though these pa-

rameters vary considerably in each map period. The shape of such DM solitons is

typically closer to a Gaussian profile rather than the “sech” shape associated with stan-

dard solitons [86]—[88].



430 CHAPTER 9. SOLITON SYSTEMS

Numerical solutions, although essential, do not lead to much physical insight. Sev-

eral techniques have been used to solve the NLS equation (9.4.5) approximately. A
common approach makes use of the variational method [89]—[9 1] . Another approach

expands B(z,t) in terms of a complete set of the Hermite-Gauss functions that are solu-

tions of the linear problem [92] . A third approach solves an integral equation, derived

in the spectral domain using perturbation theory [94]—[96]

.

To simplify the following discussion, we focus on the variational method used ear-

lier in Section 7.8.2. In fact, the Lagrangian density obtained there can be used directly

for DM solitons as well as Eq. (9.4.5) is identical to Eq. (7.8.4). Because the shape

of the DM soliton is close to a Gaussian pulse in numerical simulations, the soliton is

assumed to evolve as

B(z,t) — a exp[— ( 1 + iC)t
2/IT2 + /</>], (9.4.6)

where a is the amplitude, T is the width, C is the chirp, and </> is the phase of the

soliton. All four parameters vary with z because of perturbations produced by periodic

variations of p2 {z) and p(z)-

Following Section 7.8.2, we can obtain four ordinary differential equations for the

four soliton parameters. The amplitude equation can be eliminated because a 2T =
OqTq = Eq/-Jn is independent of z and is related to the input pulse energy Eq. The

phase equation can also be dropped since T and C do not depend on (j). The DM
soliton then corresponds to a periodic solution of the following two equations for the

pulse width T and chirp C:

dT
R ( \

C

* = ft(z)r
dC _ yE0p(z)

,

Pi „ , ^
dz V2nT C l + t ’

These equations should be solved with the periodic boundary conditions

(9.4.7)

(9.4.8)

T0 = T(0) = T(La ), Co = C(0) = C(La )
(9.4.9)

to ensure that the soliton recovers its initial state after each amplifier. The periodic

boundary conditions fix the values of the initial width Tq and the chirp Co at z = 0

for which a soliton can propagate in a periodic fashion for a given value of the pulse

energy Eq. A new feature of the DM solitons is that the input pulse width depends

on the dispersion map and cannot be chosen arbitrarily. In fact, Tq cannot be below a

critical value that is set by the map itself.

Figure 9.15 shows how the pulse width Tq and the chirp Co of allowed periodic so-

lutions vary with input pulse energy for a specific dispersion map. The minimum value

Tm of the pulse width occurring in the middle of the anomalous-GVD section of the

map is also shown. The map is suitable for 40-Gb/s systems and consists of alternating

fibers with GVD of —4 and 4 ps
2/km and lengths la ~ ln = 5 km such that the average

GVD is —0.01 ps
2/km. The solid lines show the case of ideal distributed amplifica-

tion for which p(z) = 1 in Eq. (9.4.8). The lumped-amplification case is shown by the

dashed lines in Fig. 9.15 assuming 80-km amplifier spacing and 0.25 dB/km losses in

each fiber section.
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Figure 9.15: (a) Changes in Tq (upper curve) and Tm (lower curve) with input pulse energy Eq

for a = 0 (solid lines) and 0.25 dB/km (dashed lines). The inset shows the input chirp Cq in the

two cases, (b) Evolution of the DM soliton over one map period for Eq = 0.
1
pJ and La = 80 km.

Several conclusions can be drawn from Fig. 9.15. First, both To and Tm decrease

rapidly as pulse energy is increased. Second, Tq attains its minimum value at a certain

pulse energy Ec while Tm keeps decreasing slowly. Third, Tq and Tm differ from each

other considerably for Eq > Ec . This behavior indicates that the pulse width changes

considerably in each fiber section when this regime is approached. An example of pulse

breathing is shown in Fig. 9.15(b) for Eq = 0. 1 pJ in the case of lumped amplification.

The input chirp Co is relatively large (Co ~ 1 .8) in this case. The most important feature

of Fig. 9. 15 is the existence of a minimum value of Tq for a specific value of the pulse

energy. The input chirp Co = 1 at that point. It is interesting to note that the minimum

value of Tq does not depend much on fiber losses and is about the same for the solid

and dashed curves although the value of E c is much larger in the lumped amplification

case because of fiber losses.

As seen from Fig. 9.15, both the pulse width and the peak power of DM solitons

vary considerably within each map period. Figure 9.16(a) shows the width and chirp

variations over one map period for the DM soliton of Fig. 9.15(b). The pulse width

varies by more than a factor of 2 and becomes minimum nearly in the middle of each

fiber section where frequency chirp vanishes. The shortest pulse occurs in the middle

of the anomalous-GVD section in the case of ideal distributed amplification in which

fiber losses are compensated fully at every point along the fiber link. For comparison,

Fig. 9.16(b) shows the width and chirp variations for a DM soliton whose input energy

is close to Ec where the input pulse is shortest. Breathing of the pulse is reduced

considerably together with the range of chirp variations. In both cases, the DM soliton

is quite different from a standard fundamental soliton as it does not maintain its shape,

width, or peak power. Nevertheless, its parameters repeat from period to period at

any location within the map. For this reason, DM solitons can be used for optical

communications in spite of oscillations in the pulse width. Moreover, such solitons

perform better from a system standpoint.
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(a) (b)

Figure 9.16: (a) Variations of pulse width and chirp over one map period for DM solitons with

the input energy (a) £q Ec = 0.
1
pJ and (b) £0 close to Ec .

9.4.3 Design Issues

Figures 9.15 and 9.16 show that Eqs. (9.4.7)-(9.4.9) permit periodic propagation of

many different DM solitons in the same map by choosing different values of £ 0 , To,

and Co. How should one choose among these solutions when designing a soliton sys-

tem? Pulse energies much smaller than Ec (corresponding to the minimum value of To)

should be avoided because a low average power would then lead to rapid degradation of

SNR as amplifier noise builds up with propagation. On the other hand, when £0 Ec ,

large variations in the pulse width in each fiber section would enhance the effects of

soliton interaction if two neighboring solitons begin to overlap. Thus, the region near

£0 = Ec is most suited for designing DM soliton systems. Numerical solutions of Eq.

(9.4.5) confirm this conclusion.

The 40-Gb/s system design shown in Figs. 9.15 and 9. 16 was possible only because

the map period £map was chosen to be much smaller than the amplifier spacing of

80 km, a configuration referred to as the dense dispersion management. When L map
is increased to 80 km using la ~ lb = 40 km while keeping the same value of average

dispersion, the minimum pulse width supported by the map increases by a factor of

3. The bit rate is then limited to about 20 Gb/s. In general, the required map period

becomes shorter as the bit rate increases.

It is possible to find the values of To and Tm by solving the variational equations

(9.4.7)-(9.4.9) approximately. Equation (9.4.7) can be integrated to relate T and C as

T2
(z) = tJ + 2 r

p

2 (z)C(z)dz. (9.4.10)
Jo

The chirp equation cannot be integrated but the numerical solutions show that C(z)

varies almost linearly in each fiber section. As seen in Fig. 9.16, C(z) changes from

Co to —Co in the first section and then back to Co in the second section. Noting that

the ratio (1 + C2
)/£

2
is related to the spectral width that changes little over one map

Chirp
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period when the nonlinear length is much larger than the local dispersion length, we
average it over one map period and obtain the following relation between To and Cq:

1+C0
2

Tmap —
\p2np2a^a\

fatten $2a l

a

where rmap is a parameter with dimensions of time involving only the four map param-

eters. It provides a time scale associated with an arbitrary dispersion map in the sense

that the stable periodic solutions supported by it have input pulse widths that are close

to rmap (within a factor of 2 or so). The minimum value of Tq occurs for |Co| = 1 and

is given by r0
ram = V2Tmap .

Equation (9.4. 11) can also be used to find the shortest pulse within the map. Recall-

ing from Section 2.4 that the shortest pulse occurs at the point at which the propagating

pulse becomes unchirped, Tm = 7q/(1 + Cq) 1 /2 = rmap / ^|Co|. When the input pulse

corresponds to its minimum value (Co = 1), Tm is exactly equal to rmap . The optimum

value of the pulse stretching factor is equal to y/2 under such conditions. These conclu-

sions are in agreement with the numerical results shown in Fig. 9.16 for a specific map
for which Tmap « 3. 16 ps. If dense dispersion management is not used for this map and

Lmap equals La = 80 km, this value of rmap increases to 9 ps. Since the FWHM of in-

put pulses then exceeds 21 ps, such a map is unsuitable for 40-Gb/s soliton systems. In

general, the required map period becomes shorter and shorter as the bit rate increases

as is evident from the definition of rmap in Eq. (9.4.1 1).

It is useful to look for other combinations of the four map parameters that may play

an important role in designing a DM soliton system. Two parameters that help for this

purpose are defined as [89]

ft =
l^2nin T p2ala

Sm — $2nlfi $2al

a

T2
iFWHM

(9.4.12)

where 7fwhm ~ 1.665Tm is the FWHM at the location where pulse width is minimum

in the anomalous-GVD section. Physically, p2 represents the average GVD of the

entire link, while the map strength Sm is a measure of how much GVD varies between

two fibers in each map period. The solutions of Eqs. (9.4.7)-(9.4.9) as a function of

map strength S for different values of reveal the surprising feature that DM solitons

can exist even when the average GVD is normal provided the map strength exceeds a

critical value Scr [97]—[101]. Moreover, when Sm > SCY and p2 > 0, a periodic solution

can exist for two different values of the input pulse energy. Numerical solutions of Eqs.

(9.4.1) confirm these predictions but the critical value of the map strength is found to

be only 3.9 instead of 4.8 obtained from the variational equations [89].

The existence ofDM solitons in maps with normal average GVD is quite intriguing

as one can envisage dispersion maps in which a soliton propagates in the normal-GVD

regime most of the time. An example is provided by the dispersion map in which

a short section of standard fiber (p 2a ~ — 20 ps
2/km) is used with a long section of

dispersion-shifted fiber (p2n ~ 1 ps
2/km) such that P2 is close to zero but positive. The

formation ofDM solitons under such conditions can be understood by noting that when

Sm exceeds 4, input energy of a pulse becomes large enough that its spectral width is
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considerably larger in the anomalous-GVD section compared with the normal-GVD

section. Noting that the phase shift imposed on each spectral component varies as

fcw
2
locally, one can define an effective value of the average GVD as [101]

j32
eff = (j32Q2

)/(Q
2
}, (9.4.13)

where Q is the local value of the spectral width and the angle brackets indicate average

over the map period. If /3|
ff

is negative, the DM soliton can exist even if ft is positive.

For map strengths below a critical value (about 3.9 numerically), the average GVD
is anomalous for DM solitons. In that case, one is tempted to compare them with

standard solitons forming in a uniform-GVD fiber link with )3 2 = ft- For relatively

small values of Sm , variations in the pulse width and chirp are small enough that one

can ignore them. The main difference between the average-GVD and DM solitons

then stems from the higher peak power required to sustain DM solitons. The energy

enhancement factor for DM solitons is defined as [85]

/dm = £o
DM

/£o
V

(9-4.14)

and can exceed 10 depending on the system design. The larger energy ofDM solitons

benefits a soliton system in several ways. Among other things, it improves the SNR
and decreases the timing jitter; these issues are discussed in Section 9.5.

Dispersion-management schemes were used for solitons as early as 1992 although

they were referred to by names such as partial soliton communication and dispersion

allocation [103]. In the simplest form of dispersion management, a relatively short seg-

ment of dispersion-compensating fiber (DCF) is added periodically to the transmission

fiber, resulting in dispersion maps similar to those used for nonsoliton systems. It was

found in a 1995 experiment that the use of DCFs reduced the timing jitter consider-

ably [104]. In fact, in this 20-Gb/s experiment, the timing jitter became low enough

when the average dispersion was reduced to a value near —0.025 ps
2/km that the 20-

Gb/s signal could be transmitted over transoceanic distances.

Since 1996, a large number of experiments have shown the benefits ofDM solitons

for lightwave systems [ 105]—[1 14]. In one experiment, the use of a periodic dispersion

map enabled transmission of a 20-Gb/s soliton bit stream over 5520 km of a fiber link

containing amplifiers at 40-km intervals [105]. In another 20-Gb/s experiment [106],

solitons could be transmitted over 9000 km without using any in-line optical filters

since the periodic use of DCFs reduced timing jitter by more than a factor of 3. A 1997

experiment focused on transmission of DM solitons using dispersion maps such that

solitons propagated most of the time in the normal-GVD regime [107]. This 10-Gb/s

experiment transmitted signals over 28 Mm using a recirculating fiber loop consist-

ing of 100 km of normal-GVD fiber and 8-km of anomalous-GVD fiber such that the

average GVD was anomalous (about —0.1 ps
2/km). Periodic variations in the pulse

width were also observed in such a fiber loop [108]. In a later experiment, the loop

was modified to yield the average-GVD value of zero or slightly positive [109]. Stable

transmission of 10-Gb/s solitons over 28 Mm was still observed. In all cases, experi-

mental results were in excellent agreement with numerical simulations [110].

An important application of dispersion management consists for upgrading the ex-

isting terrestrial networks designed with standard fibers [11 1]—[1 14]. A 1997 exper-

iment used fiber gratings for dispersion compensation and realized 10-Gb/s soliton
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transmission over 1000 km. Longer transmission distances were realized using a re-

circulating fiber loop [112] consisting of 102 km of standard fiber with anomalous

GVD (02 ~ —21 ps
2/km) and 17.3 km of DCF with normal GVD (02 ~ 160 ps

2/km).

The map strength S was quite large in this experiment when 30-ps (FWHM) pulses

were launched into the loop. By 1999, 10-Gb/s DM solitons could be transmitted over

16 Mm of standard fiber when soliton interactions were minimized by choosing the

location of amplifiers appropriately [113].

9.5 Impact of Amplifier Noise

The use of in-line optical amplifiers affects the soliton evolution considerably. The

reason is that amplifiers, needed to restore the soliton energy, also add noise originating

from amplified spontaneous emission (ASE). As discussed in Section 6.5, the spectral

density of ASE depends on the amplifier gain G itself and is given by Eq. (6. 1.15). The

ASE-induced noise degrades the SNR through amplitude fluctuations and introduces

timing jitter through frequency fluctuations, both of which impact the performance of

soliton systems. Timing jitter for solitons has been studied since 1986 and is referred

to as the Gordon-Haus jitter [ 1 15]—[125] . The moment method is used in this section

for studying the effects of amplifier noise.

9.5.1 Moment Method

The moment method has been introduced in Section 6.5.2 in the context of nonsoliton

pulses. The same treatment can be extended for solitons [122]. In the case of Eq.

(9.4.5), the three moments providing energy E , frequency shift Q, and position q of the

pulse are given by

9 1

E = /
\B\

2
dt, q=- I

t\B\
A
dt,

> E

Q = —
2E

dB SB

*

B — B-
dt dt

dt.

(9.5.1)

(9.5.2)

The three quantities depend on z and vary along the fiber as the pulse shape governed

by \B{zfi)
|

2
evolves. Differentiating E, Q, and q with respect to z and using Eq. (9.4.5),

the three moments are found to evolve with z as [124]

= X SEn8(z-Zn ),^ n

(9.5.3)

= ^(5£2„(5(z Zn),
dz T

(9.5.4)

= 02£l + ^SqnS(z-Zn),
dz r

(9.5.5)

where SEn , <5Q„, and Sqn are random changes induced by ASE at the nth amplifier lo-

cated at zn • The sum in these equations extends over the total number N

a

of amplifiers.
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Fiber losses do not appear in Eq. (9.5.3) because of the transformation B = A/ yjp made

in deriving Eq. (9.4.5); the actual pulse energy is given by pE ,
where p(z) is obtained

by solving Eq. (9.3.1 1).

The physical meaning of the moment equations is clear from Eqs. (9.5.3)-(9.5.5).

Both E and Q remain constant while propagating inside optical fibers but change in a

random fashion at each amplifier location. Equation (9.5.5) shows how frequency fluc-

tuations induced by an amplifier become temporal fluctuations because of the GVD.
Physically speaking, the group velocity of the pulse depends on frequency. A ran-

dom change in the group velocity results in a shift of the soliton position by a random

amount within the bit slot. As a result, frequency fluctuations are converted into timing

jitter by the GVD. The last term in Eq. (9.5.5) shows that ASE also shifts the soliton

position directly.

Fluctuations in the position and frequency of a soliton at any amplifier vanish on

average but their variances are finite. Moreover, the two fluctuations are not indepen-

dent as they are produced by the same physical mechanism (spontaneous emission).

We thus need to consider how the optical field B(z,t
)
is affected by ASE and then cal-

culate the variances and correlation functions of E, Q, and q. At each amplifier, the

field B(z,t)
changes by 8B(z,t) because of ASE. The fluctuation 8B(z,t) vanishes on

average; its second-order moment can be written as

(8B(za,t)8B(za ,t
,

))
= SSp8(t~t'), (9.5.6)

where za denotes the location of an amplifier and

•S'sp — nsvhVo(G 1) (9.5.7)

is the spectral density of ASE noise assumed to be constant (white noise) by treating

the ASE process as a Markovian stochastic process [9]. This is justified in view of

the independent nature of each spontaneous-emission event. The angle brackets in Eq.

(9.5.6) denote an ensemble average over all such events. In Eq. (9.5.7), G represents

the amplifier gain, hvo is the photon energy, and the spontaneous emission factor n sp is

related to the noise figure En of the amplifier as Fn = 2n sv .

The moments of 8En , 8qn , and 8Q.n are obtained by replacing B in Eqs. (9.5.1) and

(9.5.2) with B + SB and linearizing in 8B. For an arbitrary pulse shape, the second-

order moments are given by [122]

m) 2
)
=

((8a) 2
)
=

(SE sa) =

(SQ Sq) =

2Sgp
/

\B\
2
dt

, ((8q)
2
) =^ r (t-q) 2

\B\
2
dt,

J °0

2 <? poo

(<SE8q) = -p- (t — q)\B\
2
dt,

tlsQ J — oo

i
sJs.r(V'—- v—
Eq 7-00 \ dt dt

dt
,

(9.5.8)

(9.5.9)

(9.5.10)

(9.5.11)

where V = Bexp(iQ,t). The integrals in these equations can be calculated if B{z a d)

is known at the amplifier location. The variances and correlations of fluctuations are
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the same for all amplifiers because ASE in any two amplifiers is not correlated (the

subscript n has been dropped for this reason).

The pulse shape depends on whether the GVD is constant along the entire link or is

changing in a periodic manner through a dispersion map. In the case of DM solitons,

the exact form of B(zaA) can only be obtained by solving Eq. (9.4.5) numerically.

The use of Gaussian approximation for the pulse shape simplifies the analysis without

introducing too much error because the pulse shape deviates from Gaussian only in

the pulse wings (which contribute little to the integrals because of their low intensity

levels). However, Eq. (9.4.6) should be modified as

B(z,t) = a exp[— (1 + iC)(t — q)
2/IT2 — i£l(t — q) + i(j>\ (9.5.12)

to include the frequency shift Q and the position shift q explicitly, both of which are

zero in the absence of optical amplifiers. The six parameters (a,C, T,g,Q, and 0) vary

with z in a periodic fashion. Using Eq. (9.5.12) in Eqs. (9.5.8)—(9.5.1 1), the variances

and correlations of fluctuations are found to be

((8E)
2

)
= 2SspE0 ,

((SQ)
2
)
= (Ssp/£0)[(l+Co)/r0

2
], (9.5.13)

((Sq

)

2
) = (Ssp/Eo)Tq, (

8E8q
)
= 0, (9.5.14)

(8Q8q)) = (Ssp/E0)C0 ,
(SE8Q) = (2n-^2

)SspC0/T0 . (9.5.15)

The input pulse parameters appear in these equations because the pulse recovers its

original form at each amplifier for DM solitons.

In the case of constant-dispersion fibers or DDFs, the soliton remains unchirped

and maintains a “sech” shape. In this case, Eq. (9.5.12) should be replaced with

B(z,t) = asech[(£ — q)/T] — iQ.(t — q) + iff)]. (9.5.16)

Using Eq. (9.5.16) in Eqs. (9.5.8)—(9.5. 11), the variances are given by

((SE)
2
}
= 2SspE0 ,

((eta)
2
)
= 2^, ((Sq)

2
) =^T2

,
(9.5.17)

3EqTq 6E0

but all three cross-correlations are zero. The presence of chirp on the DM solitons is

responsible for producing cross-correlations.

9.5.2 Energy and Frequency Fluctuations

Energy fluctuations induced by optical amplifiers degrade the optical SNR. To find

the SNR, we integrate Eq. (9.5.3) between two neighboring amplifiers and obtain the

recurrence relation

E(zn)=E(zn-i) + SEn ,
(9.5.18)

where E(zn )
denotes energy at the output of the nth amplifier. It is easy to solve this

recurrence relation for a cascaded chain ofN& amplifiers to obtain

na
Ef = E0+Jj

8En ,

n= 1

(9.5.19)
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where Ef is the output energy and E$ is the input energy of the pulse. The energy

variance is calculated using Eq. (9.5.13) with (SEn )
= 5sp and is given by

of = (Ej) - (Ef)
2

: 2NASspE0 . (9.5.20)

The optical SNR is obtained in a standard manner and is given by

SNR = Eq/oe = (Eo/2NASsp )

1 /2
. (9.5.21)

Two conclusions can be drawn from this equation. First, the SNR decreases as the

number of in-line amplifiers increases because of the accumulation of ASE along the

link. Second, even though Eq. (9.5.21) applies for both the standard and DM soli-

tons, the SNR is improved for DM solitons because of their higher energies. In fact,

the improvement factor is given by /DM , where /dm is the energy enhancement factor

associated with the DM solitons. As an example, the SNR is 14 dB after 100 am-

plifiers spaced 80-km apart for DM solitons with 0.1-pJ energy using n sp = 1.5 and

a = 0.2 dB/km.

Frequency fluctuations induced by optical amplifiers are found by integrating Eq.

(9.5.4) over one amplifier spacing, resulting in the recurrence relation

Q(z„) = Q(z„-i) + <5Q„, (9.5.22)

where Q.(zn )
denotes frequency shift at the output of the nth amplifier. As before,

the total frequency shift Q f for a cascaded chain of Na amplifiers is given by Q f =
<5Qn , where the initial frequency shift at z = 0 is taken to be zero because the

soliton frequency equals the carrier frequency at the input end.

The variance of frequency fluctuations can be calculated using

NA na
ah = <«/) - (%>

2 = X I (da„8Qm ), (9.5.23)

n= 1 m= 1

where we used (Qy) = 0. The average in this equation can be performed by not-

ing that frequency fluctuations at two different amplifiers are not correlated. Using

(8Q.n 8Q.m ) = ((8Q.)
2
)8nm with Eq. (9.5.13) and performing the double sum in Eq.

(9.5.23), the frequency variance for DM solitons is given by

<4 =(VA (5sp /£o)[(l + C0
2
)/7'0

2
]
=NASsp/(E0T2

), (9.5.24)

where Tm is the minimum pulse width within the dispersion map at the location where

the pulse is transform-limited (no chirp). The variance increases linearly with the num-

ber of amplifiers. It also depends on the width To and Co of the input pulse. However,

the chirp parameter can be eliminated if Gq is written in terms of the minimum pulse

width. In practice, Tm is also the width of the pulse at the optical transmitter before it

is prechirped.

In the case of standard solitons, we should use Eq. (9.5.17) while performing the

average in Eq. (9.5.23). The variance of frequency fluctuations in this case becomes

4=AA5sp/(3E0r0
2
). (9.5.25)
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Notice that To is also equal to Tm for standard solitons which remain unchirped during

propagation and maintain their width all along the fiber. At first site, it appears that DM
solitons have a variance larger by a factor of 3 compared with the standard solitons.

However, this is not the case if we recall that the input pulse energy Eq is enhanced for

DM solitons by a factor typically exceeding 3. As a result, the variance of frequency

fluctuations is expected to be smaller for DM solitons.

Frequency fluctuations do not affect a soliton system directly unless a coherent

detection scheme with frequency or phase modulation is employed (see Chapter 10).

Nevertheless, they play a significant indirect role by inducing timing jitter such that the

pulse in each 1 bit shifts from the center of its assigned bit slot in a random fashion.

We turn to this issue next.

9.5.3 Timing Jitter

If optical amplifiers compensate for fiber losses, one may ask what limits the total

transmission distance of a soliton link. The answer is provided by the timing jitter

induced by optical amplifiers [1 15]— [ 125]. The origin of timing jitter can be understood

by noting that a change in the soliton frequency by Q affects the group velocity or

the speed at which the pulse propagates through the fiber. If Q. fluctuates because of

amplifier noise, soliton transit time through the fiber link also becomes random.

To calculate the variance of pulse-position fluctuations, we integrate Eq. (9.5.5)

over the fiber section between two amplifiers and obtain the recurrence relation

fZn

q{zn) =q(zn-l) + &{Zn-l) / fe(z) dz+ 8qn ,
(9.5.26)

'IZn-\

where q(zn )
denotes the position at the output of the nth amplifier. This equation shows

that the pulse position changes between any two amplifiers for two reasons. First, the

cumulative frequency shift Q(zn_i) produces a temporal shift if the GVD is not zero

because of changes in the group velocity. Second, the nth amplifier shifts the position

randomly by Sqn . It is easy to solve this recurrence relation for a cascaded chain ofNa
amplifiers to obtain the final position in the form

Na _
Na n- 1

q/= X 8qn + p2LA X X SOi, (9.5.27)

n= 1 n= 1 i= 1

where fa is the average value of the GVD and the double sum stems from the cumula-

tive frequency shift appearing in Eq. (9.5.26).

Timing jitter is calculated from this equation using <7
2 =

(

q

2
)
— (qf)

2
together with

(q/) = 0. As before, the average can be performed by noting that fluctuations at two

different amplifiers are not correlated. However, the timing jitter depends not only on

the variances of position and frequency fluctuations but also on the cross-correlation

function (Sq 50.) at the same amplifier. The result can be written as

na _ na _ na
of = X ((Sq)

2
} + p2LA X (» - 1) {Sq SCI) + 032LA )

2 £ (n - 1 )

2
<(S£2)

2
). (9.5.28)

77=1 72= 1 71=1
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Figure 9.17: (a) ASE-induced timing jitter as a function of length for a 40-Gb/s system designed

with DM (solid curve) and standard (dashed line) solitons.

Using Eqs. (9.5.1 3)—(9.5. 15) in this equation and performing the sums, the timing jitter

ofDM solitons is given by [124]

Eo
[Ah(l + Cg) +NA(NA - l)Cod+±NA (NA - 1)(2Na - 1)d\ (9.5.29)

where the normalized parameter d is related to the accumulated dispersion over one

amplifier spacing as

d= T2 [ Pi(z)dz= (9.5.30)
Tm JO T£

The three terms in Eq. (9.5.29) have the following origins. The first term inside

the square brackets results from direct position fluctuations of a soliton within each

amplifier. The second term is related to the cross-correlation between frequency and

position fluctuations because both are produced by the same ASE noise. The third

term is solely due to frequency fluctuations. For a long chain of cascaded amplifiers

(Na 1), the jitter is dominated by the last term in Eq. (9.5.30) because of its

dependence and is approximately given by

<r
2 c1 VI 3%^pLNld2 = Agp

7 ,3£0
A 3E0L2dLa

’
(9.5.31)

where Eq. (9.5.30) was used together with Lo = T^/ \Pi\ and NA = Lj/LA for a light-

wave system with the total transmission distance Lj.

Because of the cubic dependence of a} on the system length Lj , the timing jitter

can become an appreciable fraction of the bit slot for long-haul systems, especially at

bit rates exceeding 10 Gb/s for which the bit slot is shorter than 100 ps. Such jitter

would lead to large power penalties if left uncontrolled. As discussed in Section 6.5.2,

jitter should be less than 10% of the bit slot in practice. Figure 9.17 shows how timing

jitter increases with Lj for a 40-Gb/s DM soliton system designed using a dispersion

map consisting of 10.5 km of anomalous-GVD fiber and 9.7 km of normal-GVD fiber
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[D = ±4 ps/(km-nm)]. Optical amplifiers with n sp = 1.3 (noise figure 4.1 dB) are

placed every 80.8 km (4 map periods) along the fiber link for compensating 0.2-dB/km

losses. Variational equations were used to find the input pulse parameters for which

the soliton recovers periodically after each map period: Tq = 6.87 ps, Co = 0.56, and

Eq = 0.402 pJ. The nonlinear parameter y was 1.7 W _1
/km.

An important question is whether the use of dispersion management is helpful or

harmful from the standpoint of timing jitter. The timing jitter for standard solitons can

be found in a closed form by using Eq. (9.5. 17) in Eq. (9.5.28) and is given by

S T2

of = -tAIna + 5Na(Na - l)(2Afc - iy2
], (9.5.32)

where we have used Es for the input soliton energy to emphasize that it is different

from the DM soliton energy Eq used in Eq. (9.5.29). For a fair comparison of the DM
and standard solitons, we consider an identical soliton system except that the dispersion

map is replaced by a single fiber whose GVD is constant and equal to the average value

ft. The soliton energy Es can be found by using Eq. (9.2.3) in Eq. (9.2.5) and is given

by

Es = 2fLM \p2 \/(Yr0), (9.5.33)

where the factor /lm is the enhancement factor resulting from loss management (/lm ~
3.8 for a 16-dB gain). The dashed line in Fig. 9.17 shows the timing jitter using Eqs.

(9.5.32) and (9.5.33). A comparison of the two curves shows that the jitter is consider-

ably smaller for DM solitons. The physical reason behind the jitter reduction is related

to the enhanced energy of the DM solitons. In fact, the energy ratio Eq/Es equals the

energy enhancement factor /dm introduced earlier in Eq. (9.4.14). From a practical

standpoint, reduced jitter of DM solitons permits much longer transmission distances

as evident from Fig. 9.17. Note that Eq. (9.5.32) also applies for DDFs because the

GVD variations along the fiber can be included through the parameter d as defined in

Eq. (9.5.30).

For long-haul soliton systems, the number of amplifiers is large enough that the N\
term dominates in Eq. (9.5.32), and the timing jitter for standard solitons is approxi-

mately given by [1 16]

c t 3

9EsL2
dLa

(9.5.34)

Comparing Eqs. (9.5.3 1) and (9.5.34), one can conclude that the timing jitter is reduced

by a factor of (/dm/3) when DM solitons are used. The factor of 3 has its origin in

the nearly Gaussian shape of the DM solitons.

To find a simple design rule, we can use Eq. (9.5.34) with the condition a t < bj/B.

where bj is the fraction of the bit slot by which a soliton can move without affecting

the system performance adversely. Using B = (2go7o)
-1

and Es from Eq. (9.5.33), the

bit rate-distance product BLj for standard solitons is found to be limited by

BLj <
9/?y/LM^A

Ssp^oyft

1/3

(9.5.35)
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ForDM solitons the energy enhancement factor /lm is replaced by /lm/dm /3 . The tol-

erable value of bj depends on the acceptable BER and on details of the receiver design;

typically, bj <0.1. To see how amplifier noise limits the total transmission distance,

consider a standard soliton system operating close to the zero-dispersion wavelength

with parameter values qo = 5, a = 0.2 dB/km, y = 2 W _1
/km, /32 = —

1 ps/(km-nm),

nsp = 1.5, La = 80 km, and bj = 0.1. Using G = 16 dB, we find /lm = 3.78 and

Ssp = 6.46 x 10
-6

pJ. With these values, BLt must be below 132 (Tb/s)-km. For a

40-Gb/s system, the transmission distance is limited to below 3300 km. This value can

be increased to above 10,000 km for DM solitons.

9.5.4 Control of Timing Jitter

As the timing jitter ultimately limits the performance of soliton systems, it is essential

to find a solution to the timing-jitter problem before the use of solitons can become

practical. Several techniques were developed during the 1990s for controlling the tim-

ing jitter [126]—[146]. This section is devoted to a brief discussion of them.

The use of optical filters for controlling the timing jitter of solitons was proposed

as early as 1991 [ 126]—[128]. This approach makes use of the fact that the ASE oc-

curs over the entire amplifier bandwidth but the soliton spectrum occupies only a small

fraction of it. The bandwidth of optical filters is chosen such that the soliton bit stream

passes through the filter but most of the ASE is blocked. If an optical filter is placed

after each amplifier, it improves the SNR because of the reduced ASE and also re-

duces the timing jitter simultaneously. This was indeed found to be the case in a 1991

experiment [127] but the reduction in timing jitter was less than 50%.

The filter technique can be improved dramatically by allowing the center frequency

of the successive optical filters to slide slowly along the link. Such sliding-frequency

filters avoid the accumulation of ASE within the filter bandwidth and, at the same time,

reduce the growth of timing jitter [129]. The physical mechanism behind the operation

of such filters can be understood as follows. As the filter passband shifts, solitons

shift their spectrum as well to minimize filter-induced losses. In contrast, the spectrum

of ASE cannot change. The net result is that the ASE noise accumulated over a few

amplifiers is filtered out later when the soliton spectrum has shifted by more than its

own bandwidth.

The moment method can be extended to include the effects of optical filters by

noting that each filter modifies the soliton field such that

Bf(zf,t) = f I Hf{(0— dco, (9.5.36)

where B(zf, co) is the pulse spectrum and Hf is the transfer function of the optical filter

located at The filter passband is shifted by C0f from the soliton carrier frequency.

If we approximate the filter spectrum by a parabola over the soliton spectrum and use

Hf {(0 — (Of) = 1 — b{(0 — (Of)
2

, it is easy to see that the filter introduces an additional

loss for the soliton that should be compensated by increasing the gain of optical am-

plifiers. The analysis of timing jitter shows that sliding-frequency filters reduce jitter

considerably for both the standard and DM solitons [142].
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Figure 9.18: Timing jitter with (dotted curves) and without (solid curves) sliding-frequency fil-

ters at several bit rates as a function of distance. The inset shows a Gaussian fit to the numerically

simulated jitter at 10,000 km for a 10-Gb/s system. (After Ref. [129]; ©1992 OSA; reprinted

with permission.)

Figure 9.18 shows the predicted reduction in the timing jitter for standard solitons.

The bit-rate dependence is due to the acoustic jitter (discussed later); the B = 0 curves

show the contribution of the Gordon-Haus jitter alone. Optical filters help in reducing

both types of timing jitter and permit transmission of 10-Gb/s solitons over more than

20 Mm. In the absence of filters, timing jitter becomes so large that a 10-Gb/s soliton

system cannot be operated beyond 8000 km. The inset in Fig. 9.18 shows a Gaussian

fit to the timing jitter of 10-Gb/s solitons at a distance of 10 Mm calculated by solving

the NLS equation numerically after including the effects of both the ASE and sliding-

frequency filters [129]. The timing-jitter distribution is approximately Gaussian with a

standard deviation of about 1.76 ps. In the absence of filters, the jitter exceeds 10 ps

under the same conditions.

Optical filters benefit a soliton system in many other ways. Their use reduces in-

teraction between neighboring solitons [130]. The physical mechanism behind the

reduced interaction is related to the change in the soliton phase at each filter. A rapid

variation of the relative phase between neighboring solitons, occurring as a result of

filtering, averages out the soliton interaction by alternating the nature of the interaction

force from attractive to repulsive. Optical filters also help in reducing the accumulation

of dispersive waves [131]. The reason is easy to understand. As the soliton spectrum

shifts with the filters, dispersive waves produced at earlier stages are blocked by filters

together with the ASE.

Solitons can also be controlled in the time domain using the technique of syn-

chronous amplitude modulation, implemented in practice using a LiNb03 modula-

tor [132]. The technique works by introducing additional losses for those solitons that

have shifted from their original position (center of the bit slot). The modulator forces

solitons to move toward its transmission peak where the loss is minimum. Mathemati-
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cally, the action of modulator is to change the soliton amplitude as

£(w) Tm(t-tm)B(zm,t ), (9.5.37)

where Tm (
t) is the transmission coefficient of the modulator located at t, = %m . The

moment method or perturbation theory can be used to show that timing jitter is reduced

considerably by modulators.

The synchronous modulation technique can also be implemented by using a phase

modulator [133]. One can understand the effect of periodic phase modulation by re-

calling that a frequency shift, 8co = —d<j)(t)/dt , is associated with any phase variation

<j)(t). Since a change in soliton frequency is equivalent to a change in the group veloc-

ity, phase modulation induces a temporal displacement. Synchronous phase modula-

tion is implemented in such a way that the soliton experiences a frequency shift only if

it moves away from the center of the bit slot, which confines it to its original position

despite the timing jitter induced by ASE and other sources. Intensity and phase modu-

lations can be combined together to further improve the system performance [134].

Synchronous modulation can be combined with optical filters to control solitons

simultaneously in both the time and frequency domains. In fact, this combination per-

mits arbitrarily long transmission distances [135]. The use of intensity modulators also

permits a relatively large amplifier spacing by reducing the impact of dispersive waves.

This property of modulators was exploited in 1995 to transmit a 20-Gb/s soliton train

over 150,000 km with an amplifier spacing of 105 km [136]. Synchronous modula-

tors also help in reducing the soliton interaction and in clamping the level of amplifier

noise. The main drawback of modulators is that they require a clock signal that is

synchronized with the original bit stream.

A relatively simple approach uses postcompensation of accumulated dispersion for

reducing the timing jitter [137]. The basic idea can be understood from Eq. (9.5.29)

or Eq. (9.5.32) obtained for the timing jitter ofDM and standard solitons, respectively.

The cubic term that dominates the jitter at long distances depends on the accumulated

dispersion through the parameter d defined in Eq. (9.5.30). If a fiber is added at the end

of the fiber link such that it reduces the accumulated GVD, it should help in reducing

the jitter. It is easy to include the contribution of the postcompensation fiber to the

timing jitter using the moment method. In the case of DM solitons, the jitter variance

at the end of a postcompensation fiber of length L c and GVD foc is given by [124]

of = of + (SspT
2/E0 )

[2NAC0dc +Na (Na - 1 )ddc+NAd% (9.5.38)

where of is given by Eq. (9.5.29) and d c = focLc/T^. If we define y = —dd (.N^d)
as

the fraction by which the accumulated dispersion N^d is compensated and retain only

the dominant cubic terms in Eq. (9.5.38), this equation can be written as

ac

2 = Nld
2T;

t^ Q - y+ y
2

)
• (9-5.39)

The minimum value occurs for y = 0.5 for which of is reduced by a factor of 4. Thus,

timing jitter of solitons can be reduced by a factor of 2 by postcompensating the accu-

mulated dispersion by 50%. The same conclusion holds for standard solitons [137].
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Several other techniques can be used for controlling the timing jitter. One approach

consists of inserting a fast saturable absorber periodically along the fiber link. Such

a device absorbs low-intensity light such as ASE and dispersive waves but leaves the

solitons intact by becoming transparent at high intensities. To be effective, it should

respond at a time scale shorter than the soliton width. It is difficult to find an absorber

that can respond at such short time scales. A nonlinear optical-loop mirror (see Section

8.4) can act as a fast saturable absorber and reduces the timing jitter of solitons while

also stabilizing their amplitude [138]. Re-timing of a soliton train can also be accom-

plished by taking advantage of cross-phase modulation
[
139]. The technique overlaps

the soliton data stream and another pulse train composed of only 1 bits (an optical

clock) inside a fiber where cross-phase modulation (XPM) induces a nonlinear phase

shift on each soliton in the signal bit stream. Such a phase modulation translates into

a net frequency shift only when the soliton does not lie in the middle of the bit slot.

Similar to the case of synchronous phase modulation, the direction of the frequency

shift is such that the soliton is confined to the center of the bit slot. Other nonlinear ef-

fects such as stimulated Raman scattering [140] and four-wave mixing (FWM) can also

be exploited for controlling the soliton parameters [141]. The technique of distributed

amplification also helps in reducing the timing jitter. As an example, if solitons are

amplified using distributed Raman amplification, timing jitter can be reduced by about

a factor of 2 [125].

9.6 High-Speed Soliton Systems

As seen in Section 8.4, the optical time-division multiplexing (OTDM) technique can

be used to increase the single-channel bit rate to beyond 10 Gb/s. As early as 1993,

the bit rate of a soliton-based system was extended to 80 Gb/s with this method [147].

The major limitation of such systems stems from nonlinear interaction between two

neighboring solitons. This problem is often solved by using a variant of polarization

multiplexing in which neighboring bit slots carry orthogonally polarized pulses. The

80-Gb/s signal could be transmitted over 80 km with this technique. The same tech-

nique was later used to extend the bit rate to 160 Gb/s [148]. At such high bit rates, the

bit slot is so small that the soliton width is typically reduced to below 5 ps, and sev-

eral higher-order nonlinear and dispersive effects should be considered. This section is

devoted to such issues.

9.6.1 System Design Issues

Both fiber losses and dispersion need to be managed properly in soliton systems de-

signed to operate at high bit rates. The main design issues are related to the choice of a

dispersion map and the relationship between the map period L map and amplifier spac-

ing La . As discussed in Section 9.4.2, the parameter Tmap given in Eq. (9.4.11) sets

the scale for the shortest pulse that can be propagated in a periodic fashion. Thus, the

important design parameters are the local GVD and the length of various fiber sections

used to form the dispersion map.
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In the case of terrestrial systems operating over standard fibers and dispersion-

managed using DCFs, |/32
1

exceeds 20 ps 2/km in both sections of the dispersion map.

Consider, as an example, the typical situation in which the map consists of 60-70

km of standard fiber whose dispersion is compensated with 10-15 km of DCFs. The

parameter rmap exceeds 25 ps for such maps. At the same time, the map strength is

large enough that the pulse width oscillates over a wide range. These features make it

difficult to realize a bit rate of even 40 Gb/s although such a map permitted by 1997

transmission of four 20-Gb/s channels over 2000 km [149]. Numerical simulations

show the possibility of transmitting 40-Gb/s DM solitons over 2000 km of standard

fiber if the average GVD of the dispersion map is kept relatively low ( 150]. In a 1999

experiment, 40-Gb/s DM solitons were indeed transmitted over standard fibers but the

distance was limited to only 1 160 km [151]. Interaction between solitons was the most

limiting factor in this experiment. By 2000, the use of highly nonlinear fibers together

with synchronous in-line modulation permitted transmission of 40-Gb/s solitons over

transoceanic distance [152].

To design high-speed soliton systems operating at 40 Gb/s or more, the rmap pa-

rameter should be reduced to below 10 ps. If only a single-channel is transmitted,

one can use fibers with values of local GVD below 1 ps 2/km. However, in the case

of WDM systems the GVD parameter should be relatively large (\p 2
\

>4 ps
2/km) in

both the normal and anomalous-GVD fiber sections for suppressing the nonlinear ef-

fects such as cross-phase modulation (XPM) and four-wave mixing (FWM). It follows

from Eq. (9.4.11) that the map period should become smaller and smaller as the bit

rate increases. For example, when |/32
1

= 5 ps2/km in the two sections, the map period

should be less than 15 km for realizing Tmap < 6 ps. Such a map is suitable at bit rates

of 40 Gb/s with only 25-ps bit slot. As an example, Fig. 9.19 shows the evolution of a

DM soliton with the map used earlier for Figs. 9. 15 and 9.16; the pulse parameters cor-

respond to those of Fig. 9.16(b). The system design employs 8 map periods per 80-km

amplifier spacing. Pulses at each amplifier maintain their shape even after 10 Mm even

though pulse width and chirp oscillate within each map period as seen in Fig. 9.16(b).

The map used for Fig. 9. 19 is suitable for 40-Gb/s systems but would not work at a

bit rate of 100 Gb/s. A 100-Gb/s system has a bit period of only 10 ps and would require

a dispersion map with Tmap < 4 ps. Such systems require the use of dense or short-

period dispersion management, a scheme in which the map period is a small fraction

of the amplifier spacing [153]— [ 158]. Numerical simulation show the possibility of

transmission at bit rates as high as 320 Gb/s [157] if the map period is reduced to

below 1 km. Such fiber links may be hard to construct although a short-period DM
cable with the map period of 9 km has been made [159]. In this cable, the dispersion

map consisted of two 4.5-km fiber sections with GVD values of 17 and —15 ps/(km-

nm), resulting in an average dispersion of 1 ps/(km-nm). It was used to demonstrate

640-Gb/s WDM transmission (32 channels at 20 Gb/s) over 280 km. The parameter

Tmap is about 6 ps for this dispersion map and can be reduced further by decreasing the

local and the average GVD. In principle, such a fiber cable should be able to operate at

40 Gb/s per channel.

If a lightwave system is designed to support a single channel only, the dispersion

map can be made using low-GVD fibers. For example, when /3 2 = ±0.5 ps2/km and

section lengths are nearly equal to 40 km, rmap ^3.2 ps. Such a soliton system can op-
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Figure 9.19: Evolution of a DM soliton over 8000 km with dense dispersion management (8

map periods per amplifier spacing). The map and pulse parameters correspond to those of

Fig. 9.16(b).

erate at 40 Gb/s if the average GVD is kept low. In a 1998 experiment, 40-Gb/s solitons

were indeed transmitted over 8600 km using a 140-km-long fiber loop with an aver-

age dispersion of only —0.03 ps 2/km [160]. Interaction between solitons was the most

limiting factor in this experiment. As discussed later in this section, it can be reduced

by alternating the polarization of neighboring bits. Indeed, the use of this technique

permitted by 1999 the transmission of 40-Gb/s solitons over more than 10 Mm with-

out employing any jitter-control technique [161]. The use of synchronous modulation

allowed transmission of even 80-Gb/s solitons over 10 Mm [162]. Much higher capac-

ities can be realized using the combination ofWDM and OTDM techniques [163]. In

a 2000 experiment, a single OTDM channel at a bit rate of 1 .28 Tb/s was transmitted

over 70 km using 380-fs optical pulses [164]. The transmission distance of such sys-

tems is limited by fiber dispersion; it was necessary to compensate for dispersion up to

fourth order.

9.6.2 Soliton Interaction

The interaction among neighboring pulses becomes a critical issue as the bit rate in-

creases. The reason is that the bit slot becomes so small (only 10 ps at 100 Gb/s)

that one is often forced to pack the solitons closely. The interaction between two DM
solitons can be studied numerically or by using a variational technique [165]— [ 170].

The qualitative features are similar to those discussed in Section 9.2.2 for the standard

solitons. In general, the parameter q o, related to the bit rate as B = (2qoTo)~
l

, should

exceed 4 for the system to work properly.

A new feature of the interaction among DM solitons is that the collision length

depends on details of the dispersion map. As a result, soliton systems can be optimized

by choosing the pulse and the map parameters appropriately. Numerical simulations

show that the system performance is optimum when the map strength is chosen to
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Figure 9.20: Propagation of a 32-bit soliton stream over 8000 km when the input pulse parame-

ters correspond to those used in Fig. 9.16. Pulse energy equals 0.1 pJ in the top panel but has its

optimum for the bottom panel.

be around 1.6 [165]. This value corresponds to a pulse energy in the vicinity of the

minimum seen in Fig. 9.15. As an example, Fig. 9.20 shows propagation of a pulse train

consisting of a 32-bit pattern over 8000 km for E$ = 0.
1 pJ (top panel) and its optimum

value (bottom panel). The periodic evolution of the chirp and pulse width in these two

cases is shown in Fig. 9.16. When the pulse energy is larger than the optimum value

(higher map strength), solitons begin to collide after 3000 km. In contrast, solitons can

propagate more than 8000 km before colliding when the pulse parameters are suitably

optimized.

A new multiplexing technique, called intrachannel polarization multiplexing, can

be used to reduce interaction among solitons. This technique is different from the

conventional polarization-division multiplexing in which two neighboring channels at

different wavelengths are made orthogonally polarized. In the case of intrachannel

polarization multiplexing, the bits of a single-wavelength channel are interleaved in

such a way that any two neighboring bits are orthogonally polarized. The technique was

used for solitons as early as 1992 and has been studied extensively since then [171]-

[179],

Figure 9.21 shows the basic idea behind polarization multiplexing schematically.

At first glance, such a scheme should not work unless polarization-maintaining fibers
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Figure 9.21: (a) Polarization multiplexing scheme and (b) the improvement realized with its use

for a 40-Gb/s soliton system. (After Ref. [161]; ©1999 IEEE; reprinted with permission.)

are used since the polarization state of light changes randomly because of birefrin-

gence fluctuations resulting in polarization-mode dispersion (PMD). It turns out that

even though the polarization states of the bit train does change in an unpredictable

manner, the orthogonal nature of any two neighboring bits is nearly preserved. Be-

cause of this orthogonality, the interaction among solitons is much weaker compared

with the copolarized-solitons case. Figure 9.21 shows how the reduced interaction low-

ers the bit-error rate (BER) and increases the transmission distance of a 40-Gb/s soliton

system.

The use of polarization multiplexing helps to increase the bit rate as solitons can

be packed more tightly because of reduced interaction among them [172]. Its imple-

mentation is not difficult in practice when the OTDM technique is used. It requires

the generation of two bit streams using orthogonally polarized optical carriers and then

interleave them using an optical delay line (see Section 8.4). A polarizing beam split-

ter can be used in combination with a polarization controller to demultiplex the two

orthogonally polarized channels at the receiver end.

An important factor limiting the performance of polarization-multiplexed soliton

systems is the PMD induced by random changes in the fiber birefringence [177]. In

fact, PMD seriously limits the use of this technique for nonsoliton systems through

pulse depolarization (different parts of the pulse have different polarizations). The sit-

uation is different for solitons which are known to be much more robust to the PMD
effects [180]. The natural tendency of a soliton to preserve its integrity under vari-

ous perturbations also holds for perturbations affecting its state of polarization. Unlike

linear pulses, the state of polarization remains constant across the entire soliton (no

depolarization across the pulse), and the effect of PMD is to induce a small change in

the state of polarization of the entire soliton (a manifestation of its particle-like nature).

Such resistance of solitons to PMD, however, breaks down for large amounts of PMD.
The breakdown occurs for D p > 0.3Z)

1 /2 [181], where Dp is the PMD parameter intro-

duced in Section 2.3.5 and expressed in ps/vkm and D is the dispersion parameter in

units of ps/(nm-km). Since typically Dp <0.1 ps/vkm for high-quality optical fibers,

D must exceed 0.06 ps/(nm-km). In the case of DM solitons, D corresponds to the

average GVD of the link.
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An extension of the polarization-multiplexing technique, called polarization-multi-

level coding, has also been suggested [175]. In this technique, the information coded in

each bit is contained in the angle that the soliton state of polarization makes with one

of the principal birefringence axes. This technique is also limited by random variations

of fiber birefringence and by randomization of the polarization angle by the amplifier

noise and has not yet been implemented because of its complexity.

9.6.3 Impact of Higher-Order Effects

Higher-order effects such as TOD and intrapulse Raman scattering become quite im-

portant at high bit rates and must be accounted for a correct description ofDM solitons

[ 1 82]— [
1 85] . These effects can be included by adding two new terms to the standard

NLS equation as was done in Eq. (9.3.16) in the context of distributed amplification of

standard solitons. In the case ofDM solitons, the Raman and TOD terms are added to

Eq. (9.4.5) to obtain the following generalized NLS equation:

dB p2 (z) d 2B
+ yp(z)\B\

2B = if33 d
3B
+ TrYp{z)B

m-
(9.6.1)

dz, 2 dt2
1

6 dt3 ' dt

where Tr is the Raman parameter with a typical value of 3 fs [10]. The effective non-

linear parameter y= yp is z dependent because of variations in the soliton energy along

the fiber link. The Raman term leads to the Raman-induced frequency shift known as

the SSFS. This shift is negligible for 10-Gb/s systems but becomes increasingly im-

portant as the bit rate increases to 40 Gb/s and beyond. The TOD term also becomes

important at high bit rates, especially when the average GVD of the fiber link is close

to zero.

To understand the impact ofTOD and SSFS on solitons, we use the moment method

of Section 9.5 and assume that the last two terms in Eq. (9.6.1) are small enough that

the pulse shape remains approximately Gaussian. Using Eq. (9.6.1) in Eqs. (9.5.1) and

(9.5.2), the frequency shift Q, and soliton position q are found to evolve with z as

|2 \
2

)
dt + ^8Q.n 8(z-Zn)> (9.6.2)

dQ. YpTr

dtdz

(9.6.3)

where the last term accounts for fluctuations induced by the amplifier noise. These

equations show that the Raman term in Eq. (9.6.1) leads to a frequency shift while the

TOD term produces a shift in the soliton position.

Consider the case of standard loss-managed solitons. If we ignore the noise terms

and integrate Eqs. (9.6.2) and (9.6.3) after using B(z,t) from Eq. (9.5.16), the Raman-

induced frequency shift Q and the soliton position q are found to evolve along the fiber

length as

n(z)

«(z)

f p{z 'dzsJJT^!157q Jo 157q Jo

k
Jo
aiz)dz+m +lh

lo
a?dz>

p(z)dz

,

(9.6.4)

(9.6.5)
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Figure 9.22: Pulse envelopes at distances = z/Ld = 0, 5, and 10 showing the delay of a soliton

because of the Raman-induced-frequency shift.

where Eq. (9.5.33) was used for the input soliton energy. The frequency shift grows

linearly with z in the case of perfect distributed amplification (p = 1) but follows energy

variations in the case of lumped amplification. In both cases, its magnitude scales with

pulse width as r0
-4

. It is this feature that makes the SSFS increasingly more important

as the bit rate increases. The soliton position q is affected by both the Raman-induced

frequency shift and the TOD parameter fo. This shift is deterministic in nature, in

contrast with the position shift induced by amplifier-induced frequency fluctuations.

The dominant contribution to q in Eq. (9.6.5) comes from the j3 2 term.

One can understand the origin of changes in the soliton position by noting that

the Raman-induced frequency shift in the carrier frequency toward longer wavelengths

slows down a pulse propagating in the anomalous-GVD regime of the fiber. Figure

9.22 shows such a slowing down of a standard soliton (N = 1) by solving Eq. (9.6.1)

numerically with @3 = 0 and Tr/Tq = 0.05. By the time the soliton has propagated over

10 dispersion lengths, it has been delayed by a significant fraction of its own width. A
delay in the arrival time of a soliton is not of much concern when all bits are delayed

by the same amount. However, the pulse energy and width fluctuate from bit to bit

because of fluctuations induced by the amplifier noise. Such fluctuations are converted

into timing jitter by the SSFS. The Raman-induced timing jitter is discussed later in

this section.

How is the Raman-induced frequency shift affected by dispersion management?

The width ofDM solitons is not constant but oscillates in a periodic manner. Since the

SSFS depends on the pulse width, it is clear that it will also vary significantly within

each map period. The highest frequency shift occurs in the central region of each sec-

tion where the pulse is nearly unchirped and the width is shortest. The total frequency

shift will be less for DM solitons compared with the standard solitons for which the
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pulse remains unchirped throughout the link. Moreover, the SSFS will depend on the

map strength and will be lower for stronger maps [182].

The effects of TOD on DM solitons is apparent from Eq. (9.6.5). The second term

in this equation shows that the TOD produces a shift in the soliton position even in

the absence of the Raman term (Tr = 0). The shift increases linearly with distance

as (/33 / 1 87^)z and is negligible until To becomes much shorter than 10 ps. As an

example, the temporal shift is 5 fs/km for To = 1 ps and ft = 0.09 ps
3/km and becomes

comparable to the pulse width after 200 km of propagation. The shift increases in the

presence of SSFS as apparent from the last term in Eq. (9.6.5). This shift is relatively

small as it requires the presence of both the SSFS and TOD and can be neglected in

most cases of practical interest. The TOD also distorts the DM soliton and generates

dispersive waves [184]. Under certain conditions, a DM soliton can propagate over

long distances after some energy has been shed in the form of dispersive waves [183].

Numerical simulations based on Eq. (9.6.1) show that 80-Gb/s solitons can prop-

agate stably over 9000 km in the presence of higher-order effects if (i) TOD is com-

pensated within the map, (ii) optical filters are used to reduce soliton interaction, tim-

ing jitter, and the Raman-induced frequency shift, and (iii) the map period L map is

reduced to a fraction of amplifier spacing [153]. The bit rate can even be increased to

160 Gb/s by controlling the GVD slope and PMD, but the distance is limited to about

2000 km [155]. These results show that soliton systems operating at 160 Gb/s are

possible if their performance is not limited by timing jitter. We turn to this issue next.

9.6.4 Timing Jitter

Timing jitter discussed earlier in Section 9.5.4 increases considerably at higher bit rates

because of the use of shorter optical pulses. Both the Raman effect and TOD lead to

additional jitter that increases rapidly with the bit rate [ 1 86]— [ 1 89] . Moreover, several

other mechanisms begin to contribute to the timing jitter. In this section we consider

these additional sources of timing jitter.

Raman Jitter

The Raman jitter is a new source of timing jitter that dominates at high bit rates re-

quiring short optical pulses (7b < 5 ps). Its origin can be understood as follows [187].

The Raman-induced frequency shift depends on the pulse energy as seen in Eq. (9.6.4).

This frequency shift by itself does not introduce jitter because of its deterministic na-

ture. However, fluctuations in the pulse energy introduced by amplifier noise can be

converted into fluctuations in the soliton frequency through the Raman effect, which

are in turn translated into position fluctuations by the GVD. The Raman jitter occurs

for both the standard and DM solitons. In the case of standard solitons, the use ofDDFs
is often necessary but the analysis is simplified because the solitons are unchirped and

maintain their width during propagation [187].

In the case ofDM solitons, the pulse energy, width, and chirp oscillate in a periodic

manner. To keep the discussion simple, the effects of TOD are ignored although they

can be easily included. Using Eqs. (9.6.2) and (9.6.3) and following the method used

in Section 9.5.4, the frequency shift and position of the soliton at the end of the nth
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amplifier can be written as

&(Zn) = G(Zn-l) +bRE(zn-l) + SC2„,

q(zn )
= + b2Cl(zn-i) + b2RE(z„-i) + 8qn ,

where the parameters 62, 6^, and 62/? are defined as

k>2

k>2R

C k{i)di ' bR =~ikCW;[!« p(z' )dl
\

•

tr r
La

2y/n Jo
dzp2 (z)y(z)

La dzy(z)

1

f
z dz\

'O ^(Zl) [Jo

Z\

P{Z2)dZ2

(9.6.6)

(9.6.7)

(9.6.8)

(9.6.9)

where p(z) takes into account variations in the pulse energy. In the case of lumped

amplification, p(z) = exp(— az).

The physical meaning of Eqs. (9.6.6) and (9.6.7) is quite clear. Between any two

amplifiers, the Raman-induced frequency shift within the fiber should be added to the

ASE-induced frequency shift. The former, however, depends on the pulse energy and

would change randomly in response to energy fluctuations. The position of the pulse

changes because of the cumulative frequency shifts induced by the Raman effect and

amplifier noise. The two recurrence relations in Eqs. (9.6.6) and (9.6.7) should be

solved to find the final pulse position at the end of the last amplifier. The timing jitter

depends not only on the variances of 8E <5Q, and Sq but also on their cross-correlations

given in Eqs. (9.5.1 3)—(9.5. 15). It can be written as

G2 = G^R + R l ((8E)
2)+R2(SE8a) (9.6.10)

where Ogh is the Gordon-Haus jitter obtained earlier in Eq. (9.5.29).

The Raman contribution to the timing jitter adds two new terms whose magnitude

is governed by

Ri = b
2
2b

2
RNA (NA - l)(Nl - lONl + 29NA - 9)/120+ b2RNA(NA - 1)

x [b2bR ( 19Na — 65Na + 48) /96 + b2R(2NA — l)/6], (9.6.11)

R2 = b2NA (NA -l) [b2bR(NA - 2) (3NA - l)/l2+ b2R(2NA -l)/3]. (9.6.12)

The R i term depends on the variance of energy fluctuations and scales as N

%

for Na
1 . The 7?2 term has its origin in the cross-correlation between energy and frequency

fluctuations and scales as N\ for large Na- The R\ term will generally dominate at long

distances for high bit rates requiring pulses shorter than 5 ps.

Figure 9.23 shows the growth of timing jitter with distance for a 160-Gb/s DM soli-

ton system. The dispersion map consists of alternating 1-km fiber sections with GVD
of —3.18 and 3.08 ps 2/km, resulting in an average dispersion of —0.05 ps 2/km and

Tmap ~ 1 -25 ps. Fiber losses of 0.2 dB/km are compensated using lumped amplifiers

every 50 km. The nonlinear parameters have values y = 2.25 W _1/km and Tr = 3 fs.

The input pulse parameters are found by solving the variational equations of Section

9.4.2 and have values Tq = 1 .25 ps, Co = 1, and Eq = 0. 12 pJ. The Raman and Gordon-

Haus contributions to the jitter are also shown separately to indicate when the Raman
effects begin to dominate. Because of the N^ dependence of the Raman contribution,
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Figure 9.23: Timing jitter as a function of distance for a 160-Gb/s DM system designed with

7o = 1-25 ps. The Raman and Gordon-Haus contributions to timing jitter are also shown.

most of the timing jitter results from the SSFS after 1000 km. Noting that the tolerable

value of the timing jitter is less than 1 ps at 160 Gb/s, it is clear that the total trans-

mission distance of such systems would be limited to below 1000 km in the absence

of any jitter-control mechanism. Longer distances are possible at a lower bit rate of

80 Gb/s. The main conclusion is that the Raman jitter must be included whenever the

width (FWHM) of solitons is shorter than 5 ps.

Acoustic Jitter

A timing-jitter mechanism that limits the total transmission distance at high bit rates has

its origin in the generation of acoustic waves inside optical fibers [190]. Confinement

of the optical mode within the fiber core creates an electric-field gradient in the radial

direction of the fiber. This gradient creates an acoustic wave through electrostriction ,

a phenomenon that produces density variations in response to changes in the electric

field. As the refractive index of any material depends on its density, the group velocity

also changes with the generation of acoustic waves.

The acoustic-wave-induced index changes produced by a single pulse can last for

more than 100 ns—the damping time associated with acoustic phonons. They can be

measured through the XPM-induced frequency shift Av imposed on a probe signal and

given by Av = — (Leff

/

h)d(Sna )
/dt , where Leff is the effective length of the fiber [191].

As seen in Fig. 9.24(a), the measured frequency shift is in the form of multiple spikes,

each lasting for about 2 ns, roughly the time required for the acoustic wave to traverse

the fiber core. The 21 -ns period between the spikes corresponds to the round-trip time

taken by the acoustic wave to reflect from the fiber cladding. Noting that L eff
~ 20 km

for 0.2-dB/km fiber losses, acoustically induced changes are relatively small (~ 10
_14

)

but they lead to measurable jitter even at a bit rate of 10 Gb/s [6].

The origin of acoustic jitter can be understood by noting that pulses follow one

another with a time interval that is only 25 ps at B = 40 Gb/s and becomes shorter
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Figure 9.24: (a) Temporal changes in the XPM-induced frequency shift produced by acoustic

waves in a 30-km-long fiber; (b) Increase in timing jitter produced by acoustic waves. (After

Ref. [191]; ©2001 Academic; reprinted with permission.)

at higher bit rates. As a result, the acoustic wave generated by a single pulse affects

hundreds of the following pulses. Physically, time-dependent changes in the refractive

index induced by acoustic waves modulate the optical phase and manifest as a shift in

the frequency (chirping) by a small amount (~1 GHz in Fig. 9.24). Similar to the case

of SSFS and amplifier-induced noise, a frequency shift manifests as a shift in the pulse

position because of GVD. The main difference is that acoustic jitter has a deterministic

origin in contrast with the amplifier-induced jitter. In fact, if a pulse were to occupy

each bit slot, all pulses would be shifted in time by the same amount through acoustic

waves, resulting in a uniform shift of the pulse train but no timing jitter. However, any

information-coded bit stream consists of a random string of 1 and 0 bits. As the change

in the group velocity of each pulse depends on the presence or absence of pulses in

the preceding hundreds of bit slots, different solitons arrive at slightly different times,

resulting in timing jitter. The deterministic nature of acoustic jitter makes it possible to

reduce its impact in practice by moving the detection window at the receiver through

an automatic tracking circuit [192] or by using a coding scheme [193].

Acoustic jitter has been studied for both the standard and DM solitons [191]. In

the case of standard solitons propagating inside a constant-GVD fiber of length L, the

jitter scales as CJaCou = Ca \D\L2 , where the parameter Ca depends on the index change

Sna among other things. Figure 9.24(b) shows how the timing jitter is enhanced by the

acoustic effect for a 10-Gb/s system designed with D = 0.45 ps/(km-nm), Tq = 10 ps,

n s

p

= 1.6, and La = 25 km. Sliding-frequency filters reduce both the ASE-induced

and acoustically induced timing jitters. The acoustic jitter then dominates because it

increases linearly with the system length L while the ASE-induced jitter scales as y/L.

PMD-Induced Jitter

PMD is another mechanism that can generate timing jitter through random fluctuations

in the fiber birefringence [194]. As discussed in Section 2.3.5, the PMD effects are

quantified through the PMD parameter D p . In a practical lightwave system, all solitons

are launched with the same state of polarization at the input end of a fiber link. How-
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ever, as solitons are periodically amplified, their state of polarization becomes random

because of the ASE added at every amplifier. Such polarization fluctuations lead to

timing jitter in the arrival time of individual solitons through fiber birefringence be-

cause the two orthogonally polarized components travel with slightly different group

velocities. This timing jitter, introduced by the combination of ASE and PMD, can be

written as [194]

Opoi = (nSspfLM/l6EsLA )

l/2DpL. (9.6.13)

As a rough estimate, apoi
« 0.4 ps for a standard-soliton system designed with

a = 0.2 dB/km, L\ = 50 km, Dp
=0.1 ps/yl^m, and L = 10 Mm. Such low values

of Opoi are unlikely to affect 10-Gb/s soliton systems for which the bit slot is 100 ps

wide. However, for fibers with larger values of the PMD parameter (D p > 1 ps/vkm),

the PMD-induced timing jitter becomes important enough that it should be considered

together with other sources of the timing jitter. If we assume that each source of timing

jitter is statistically independent, total timing jitter is obtained using

ofot = of + ofcou + Cp
2
0l . (9-6.14)

Both (Jacou and apo i
increase linearly with transmission distance L. The ASE-induced

jitter normally dominates because of its superlinear dependence on L but the situation

changes when in-line filters are used to suppress it.

An important issue is related to polarization-dependent loss and gain. If a light-

wave system contains multiple elements that amplify or attenuate the two polarization

components of a pulse differently, the polarization state is easily altered. In the worst

situation in which the polarization is oriented at 45 ° from the low-loss (or high-gain)

direction, the state of polarization rotates by 45° and gets aligned with the low-loss

direction only after 30-40 amplifiers for a gain-loss anisotropy of < 0.2 dB [195].

Even though the axes of polarization-dependent gain or loss are likely to be evenly

distributed along any soliton link, such effects may still become an important source of

timing jitter.

Interaction-Induced Jitter

In the preceding discussion of the timing jitter, individual pulses are assumed to be

sufficiently far apart that their position is not affected by the phenomenon of soliton-

soliton interaction. This is not always the case in practice. As seen in Section 9.2.2,

even in the absence of amplifier noise, solitons may shift their position because of

the attractive or repulsive forces experienced by them. As the interaction force be-

tween two solitons is strongly dependent on their separation and relative phase, both

of which fluctuate because of amplifier noise, soliton-soliton interactions modify the

ASE-induced timing jitter. By considering noise-induced fluctuations of the relative

phase of neighboring solitons, timing jitter of interacting solitons is generally found to

be enhanced by amplifier noise [196]. In contrast, when the input phase difference is

close to n between neighboring solitons, phase randomization leads to reduction in the

timing jitter.

An important consequence of soliton-soliton interaction is that the probability den-

sity of the timing jitter deviates considerably from the Gaussian statistics expected for
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the Gordon-Haus jitter in the absence of such interactions [197]. The non-Gaussian

corrections can occur even when the interaction is relatively weak (go > 5). They af-

fect the bit-error rate of the system and must be included for an accurate estimate of

the system performance. When solitons are packed so tightly that their interaction be-

comes quite important, the probability density function of the timing jitter develops a

five-peak structure [198]. The use of numerical simulations is essential to study the

impact of timing jitter on a bit stream composed of interacting solitons.

In the case ofDM solitons, interaction-induced jitter becomes quite important, es-

pecially for strong maps for which the pulse width varies by a large factor within each

map period [199]. It can be reduced by a proper design of the dispersion map. In fact,

local dispersion of each fiber section and the average GVD of the entire link need to

be optimized to reduce both the soliton-soliton interaction and the ASE-induced jitter

simultaneously [161].

Control of Timing Jitter

The increase in the timing jitter brought by the Raman and TOD effects and a shorter

bit slot at higher bit rates make the control of timing jitter essential before high-speed

systems can become practical. As discussed in Section 9.5, both optical filters and syn-

chronous modulators help in reducing the timing jitter. The technique of optical phase

conjugation (OPC), discussed in Section 7.7 in the context of dispersion compensation,

is also quite effective in improving the performance of soliton systems by reducing the

soliton-soliton interaction and the Raman-induced timing jitter [200]-[204].

The implementation of OPC requires either parametric amplifiers [10] in place of

EDFAs or insertion of a nonlinear optical device before each amplifier that changes the

soliton amplitude from A to A * while preserving all other features of the bit stream.

Such a change is equivalent to inverting the soliton spectrum around the wavelength

of the pump laser used for the FWM process. As discussed in Section 7.7, a few-

kilometer-long fiber can be used for spectral inversion. The timing jitter changes con-

siderably because of OPC. The moment method can be used to find the timing jitter in

the presence of parametric amplifiers. The dependence of the Gordon-Haus contribu-

tion on the number of amplifiers changes from N

\

to Na- The Raman-induced jitter is

reduced even more dramatically—from N^ to Na [202]. These reductions result from

the OPC-induced spectral inversion, which provides compensation for the effects of

both the GVD and SSFS. However, OPC does not compensate for the effects of TOD.

The effects ofTOD on the jitter are shown in Fig. 9.25 by plotting the timing jitter

of 2-ps (FWHM) solitons propagating inside DDFs and amplified using parametric

amplifiers. The Gordon-Haus timing jitter is shown by the thick solid line. Other

curves correspond to different values of the TOD parameter. For /3 3 = 0.05 ps3/km, a

typical value for dispersion-shifted fibers, the transmission distance is limited by TOD
to below 1500 km. However, considerable improvement occurs when )3 3 is reduced.

Transmission over 7500 km is possible for 03 = 0, and the distance can be increased

further for slightly negative values of 03. These results show that the compensation of

both ft and 03 is necessary at high bit rates (see Section 7.9).
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Figure 9.25: Effect of third-order dispersion on timing jitter in a periodically amplified DDF-
based soliton system designed using parametric amplifiers.

9.7 WDM Soliton Systems

As discussed in Chapter 8, the capacity of a lightwave system can be increased consid-

erably by using the WDM technique. A WDM soliton system transmits several soliton

bit streams over the same fiber using different carrier frequencies. This section focuses

on the issues relevant for designing WDM soliton systems [205].

9.7.1 Interchannel Collisions

A new feature that becomes important forWDM systems is the possibility of collisions

among solitons belonging to different channels and traveling different group velocities.

To understand the importance of such collisions as simply as possible, we first focus on

standard solitons propagating in DDFs and use Eq. (9.4.3) as it includes the effects of

both loss and dispersion variations. Dropping prime over ^ for notational convenience,

this equation can be written as

. dv 1 d2
v

'd?
+

2<9r2
+^)M 2

v = 0, (9.7.1)

where b(^) = The functional form of b(%) depends on the details of the

loss- and dispersion-management schemes.

The effects of interchannel collisions on the performance of WDM systems can

be best understood by considering the simplest case of two WDM channels separated

by /ch- In normalized units, solitons are separated in frequency by Q ch = ZitfchTo.

Replacing v by u\ 4- U2 in Eq. (9.7.1) and neglecting the FWM terms, solitons in each

channel evolve according to the following two coupled equations [206]:

+ --^2" + Z?(^)(|« i
|

2 + 2 |m2|
2
)^i —0, (9.7.2)

i-^ E E b(^)(\ u2\
2 E2

\

u i\

2
)u2 = 0 . (9.7.3)
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Note that the two solitons are propagating at different speeds because of their different

frequencies. As a result, the XPM term is important only when solitons belonging to

different channels overlap during a collision.

It is useful to define the collision length L coii as the distance over which two solitons

interact (overlap) before separating. It is difficult to determine precisely the instant at

which a collision begins or ends. A common convention uses 2Ts for the duration of

the collision, assuming that a collision begins and ends when the two solitons overlap

at their half-power points [206]. Since the relative speed of two solitons is AV =

(l&l^ch/To)
-1

, the collision length is given by Lcoii = (AV)(2TS )
or

r
2TsT0 0.28 /n^

C0
° |/3i|£\h

~
#olft|5/ch’

where the relations Ts = 1.7637o and B = (2qoTo)~
l were used. As an example, for

2? = 10 Gb/s, qo = 5, and = —0.5 ps2/km, Lco\\ ~ 100 km for a channel spacing of

100 GHz but reduces to below 10 km when channels are separated by more than 1 THz.

Since XPM induces a time-dependent phase shift on each soliton, it leads to a shift

in the soliton frequency during a collision. One can use a perturbation technique or the

moment method to calculate this frequency shift. If we assume that the two solitons

are identical before they collide, u
i
and U2 are given by

«m(£, t) = sech(r+ Smt; )
exp[— /5mr+ i(l - 5*)§/2+ /#«], (9.7.5)

where 8m = ^Qch for m = 1 and — ^Qch for m = 2. Using the moment method, the

frequency shift for the first channel evolves with distance as

dS\

dt,
(9.7.6)

The equation for 82 is obtained by interchanging the subscripts 1 and 2. Noting from

Eq. (9.7.5) that

and using <5m = ±^Qch in Eq. (9.7.6), the collision-induced frequency shift for the

slower moving soliton is governed by [206]

dS\

"4
fr(4) d

£>ch d% [

sech
-

sech" (9.7.8)

The change in 82 occurs by the same amount but in the opposite direction. The integral

over t can be performed analytically to obtain

d8\ Ab(Z) d /Z cosh Z — sinh Z

dZ Qch dZ \ sinh
3 Z

(9.7.9)

where Z = Qch^ • This equation provides changes in soliton frequency during inter-

channel collisions under quite general conditions.
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Figure 9.26: (a) Frequency shift during collision of two 50-ps solitons with 75-GHz channel

spacing, (b) Residual frequency shift after a collision because of lumped amplifiers (La = 20

and 40 km for lower and upper curves, respectively). Numerical results are shown by solid dots.

(After Ref. [206]; ©1991 IEEE; reprinted with permission.)

Consider first the ideal case of constant-dispersion lossless fibers so that b = 1 in

Eq. (9.7.9). In that case, integration in Eq. (9.7.9) is trivial, and the frequency shift is

given by

A<5i(Z) = 4(Z coshZ — sinhZ)/(QchSinh
3
Z). (9.7.10)

Figure 9.26(a) shows how the frequency of the slow-moving soliton changes during the

collision of two 50-ps solitons when channel spacing is 75 GHz. The frequency shifts

up over one collision length as two solitons approach each other, reaches a peak value

of about 0.6 GHz at the point of maximum overlap, and then decreases back to zero

as the two solitons separate. The maximum frequency shift depends on the channel

spacing. It occurs at Z = 0 in Eq. (9.7.10) and is found to be 4/(3Q ch). In physical

units, the maximum frequency shift becomes

A/raax = (3^
2r0

2
/ch)“

]

. (9.7.11)

Since the velocity of a soliton changes with its frequency, collisions speed up or

slow down a soliton, depending on whether its frequency increases or decreases. At

the end of the collision, each soliton recovers the frequency and speed it had before

the collision, but its position within the bit slot changes. The temporal shift can be

calculated by integrating Eq. (9.7.9). In physical units, it is given by

At = —7b [ A8x (£)dE, = ^L-=
,

1

, .
(9.7.12)Eo Q2

h n2T0fX

If all bit slots were occupied, such collision-induced temporal shifts would be of no

consequence since all solitons of a channel would be shifted by the same amount.

However, 1 and 0 bits occur randomly in real bit streams. Since different solitons of

a channel shift by different amounts, interchannel collisions induce some timing jitter

even in lossless fibers.
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9.7.2 Effect of Lumped Amplification

The situation is worse in loss-managed soliton systems in which fiber losses are com-

pensated periodically through lumped amplifiers. The reason is that soliton collisions

are affected adversely by variations in the pulse energy. Physically, large energy vari-

ations occurring over a collision length destroy the symmetric nature of the collision.

Mathematically, the £ dependence of b(%) in Eq. (9.7.8) changes the frequency shift.

As a result, solitons do not recover their original frequency and velocity after the col-

lision is over. Equation (9.7.9) can be used to calculate the residual frequency shift

for a given form of b(%). Figure 9.26(b) shows the residual shift as a function of the

ratio Lcon/Lpert> where Lpert is equal to the amplifier spacing La [206]. Numerical sim-

ulations (circles) agree with the prediction of Eq. (9.7.9). The residual frequency shift

increases rapidly as Lcoii approaches La and can become ~ 0.1 GHz. Such shifts are

not acceptable in practice since they accumulate over multiple collisions and produce

velocity changes large enough to move the soliton out of the bit slot.

When Lcon is large enough that a collision lasts over several amplifier spacings,

effects of gain-loss variations begin to average out, and the residual frequency shift

decreases. As seen in Fig. 9.26, it virtually vanishes for Lcou > 2La (safe region).

Since Lco\\ is inversely related to the channel spacing Q ch, this condition sets a limit on

the maximum separation between the two outermost channels of a WDM system. The

shortest collision length is obtained by replacing Q ch in Eq. (9.7.4) withAch£2ch- Using

Lcoii > 2La, the number ofWDM channels is limited to

Ach <
TsLp

TqTIc^La
(9.7.13)

One may think that the number of channels can be increased by reducing Q Ch. How-

ever, its minimum value is limited to aboutQ ch = 5Aco^, where Acos is the spectral width

(FWHM) of solitons, because of interchannel crosstalk [207]. Using this condition in

Eq. (9.7.13), the number ofWDM channels is limited such that Nch < Lp/3La . Using

Lp = Tq / \p2 \

and B = (2go7o)
_1

> this condition can be written as a simple design rule:

NchB
2LA <(l2ql\fl2\)-

1
. (9.7.14)

For the typical values qo = 5, |/32
1

= 0.8 ps
2/km, and La = 40 km, the condition be-

comes By/N
~

ch <10 Gb/s. The number of channels can be as large as 16 at a relatively

low bit rate of 2.5 Gb/s but only a single channel is allowed at 10 Gb/s. Clearly, inter-

channel collisions limit the usefulness of the WDM technique severely.

9.7.3 Timing Jitter

In addition to the sources of timing jitter discussed in Section 9.6 for a single isolated

channel, several other sources of jitter become important for WDM systems [208]-

[213]. First, each interchannel collision generates a temporal shift [see Eq. (9.7.12)]

of the same magnitude for both solitons but in opposite directions. Even though the

temporal shift scales as and decreases rapidly with increasing Q ch, the number

of collisions increases linearly with Q ch- As a result, the total time shift scales as
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Q^1

. Second, the number of collisions that two neighboring solitons in a given channel

undergo is slightly different. This difference arises because adjacent solitons in a given

channel interact with two different bit groups, shifted by one bit period. Since 1 and

0 bits occur in a random fashion, different solitons of the same channel are shifted by

different amounts. This source of timing jitter is unique to WDM systems because

of its dependence on the bit patterns of neighboring channels [211]. Third, collisions

involving more than two solitons can occur and should be considered. In the limit of a

large channel spacing (negligible overlap of soliton spectra), multisoliton interactions

are well described by pairwise collisions [210].

Two other mechanisms of timing jitter should be considered for realistic WDM
systems. As discussed earlier, energy variations due to gain-loss cycles make collisions

asymmetric when Lco\\
becomes shorter than or comparable to the amplifier spacing La-

Asymmetric collisions leave residual frequency shifts that affect a soliton all along the

fiber link because of a change in its group velocity. This mechanism can be made

ineffective by ensuring that Lco\\
exceeds 2La- The second mechanism produces a

residual frequency shift when solitons from different channels overlap at the input of

the transmission link, resulting in an incomplete collision [208]. This situation occurs

in all WDM solitons for some bits. For instance, two solitons overlapping completely

at the input end of a fiber link will acquire a net frequency shift of 4/(3Q ch) since the

first half of the collision is absent. Such residual frequency shifts are generated only

over the first few amplification stages but pertain over the whole transmission length

and become an important source of timing jitter [209].

Similar to the case of single-channel systems, sliding-frequency filters can reduce

timing jitter in WDM systems [214]—[218]. Typically, Fabry-Perot filters are used

since their periodic transmission windows allow filtering of all channels simultane-

ously. For best operation, the mirror reflectivities are kept low (below 25%) to reduce

the finesse. Such low-contrast filters remove less energy from solitons but are as ef-

fective as filters with higher contrast. Their use allows channel spacing to be as little

as five times the spectral width of the solitons [218]. The physical mechanism remains

the same as for single-channel systems. More specifically, collision-induced frequency

shifts are reduced because the filter forces the soliton frequency to move toward its

transmission peak. The net result is that filters reduce the timing jitter considerably

even for WDM systems [215]. Filtering can also relax the condition in Eq. (9.7.13),

allowing Lcon to approach La , and thus helps to increase the number of channels in a

WDM system [217].

The technique of synchronous modulation can also be applied to WDM systems

for controlling timing jitter [219]. In a 1996 experiment involving four channels, each

operating at 10 Gb/s, transmission over transoceanic distances was achieved by us-

ing modulators every 500 km [220]. When modulators were inserted every 250 km,

three channels, each operating at 20 Gb/s, could be transmitted over transoceanic dis-

tances [221]. The main disadvantage of modulators is that demultiplexing of individual

channels is necessary. Moreover, they require a clock signal that is synchronized to the

bit stream. For this reason, the technique of synchronous modulation is rarely used in

practice.
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9.7.4 Dispersion Management

As discussed in Section 8.3.6, FWM is the most limiting factor forWDM systems when

GVD is kept constant along the fiber link. The FWM problem virtually disappears

when the dispersion-management technique is used. In fact, dispersion management

is essential if a WDM soliton system is designed to transmit more than two or three

channels. Starting in 1996, dispersion management was used forWDM soliton systems

almost exclusively.

Dispersion-Decreasing Fibers

It is intuitively clear that DDFs with a continuously varying GVD profile should help a

WDM system. We can use Eq. (9.7.1) for finding the optimum GVD profile. By tailor-

ing the fiber dispersion as /?(£) = exp(—r£), the same exponential profile encountered

in Section 8.4.1, the parameter b becomes 1 all along the fiber link, resulting in an

unperturbed NLS equation. As a result, soliton collisions become symmetric despite

fiber losses, irrespective of the ratio Lco\\/La- Consequently, no residual frequency

shifts occur after a soliton collision for WDM systems making use of DDFs with an

exponentially decreasing GVD.
Lumped amplifiers introduce a new mechanism ofFWM in WDM systems. In their

presence, soliton energy varies in a periodic fashion over each loss-amplification cycle.

Such periodic variations in the peak power of solitons create a nonlinear-index grating

that can nearly phase-match the FWM process [222]. The phase-matching condition

can be written as

IMOch/r0 )

2 = 27rm/LA ,
(9.7.15)

where ra is an integer and the amplifier spacing La is the period of the index grating.

As a result of such phase matching, a few percent of soliton energy can be transferred

to the FWM sidebands even when GVD is relatively large [222]. Moreover, FWM
occurring during simultaneous collision of three solitons leads to permanent frequency

shifts for the slowest- and fastest-moving solitons together with an energy exchange

among all three channels [223].

FWM phase-matched by the nonlinear-index grating can also be avoided by us-

ing DDFs with an exponential GVD profile. The reason is related to the symmetric

nature of soliton collisions in such systems. When collisions are symmetric, energy

transferred to the FWM sidebands during the first half of a collision is returned back

to the soliton during the second half of the same collision. Thus, the spectral side-

bands generated through FWM do not grow with propagation of solitons. In practice,

the staircase approximation for the exponential profile is used, employing multiple

constant-dispersion fibers between two amplifiers.

Figure 9.27 shows the residual energy remaining in a FWM sideband as a func-

tion of amplifier length La when the exponential GVD profile is approximated using

ra = 2, 3, and 4 fiber sections chosen such that the product DmLm is the same for all

ra [222]. Here Dm is the dispersion parameter in the rath section of length Lm . The case

of constant-dispersion fibers is also shown for comparison. The average dispersion is

0.5 ps/(km-nm) in all cases. The double-peak nature of the curve in this case is due to

the phase-matching condition in Eq. (9.7. 15), which can be satisfied for different values
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Figure 9.27: Fraction of soliton energy in an FWM sideband during a single collision when the

exponential GVD profile is approximated by a staircase with two, three, and four steps. The

case of constant-dispersion fibers is shown for comparison. (After Ref. [222]); ©1996 OSA;

reprinted with permission.)

of the integer m because a peak occurs whenever La = 2nmLD/Q^. Numerical simu-

lations consider 20-ps solitons in two channels, spaced 75 GHz apart. Clearly, FWM
can be nearly suppressed, with as few as three fiber sections, for an amplifier spacing

below 60 km. An experiment in 1996 achieved transmission of seven 10-Gb/s channels

over 9400 km using only four fiber segments in a recirculating fiber loop [224]. In a

1998 experiment, eight 20-Gb/s channels were transmitted over 10,000 km by using the

same four-segment approach in combination with optical filters and modulators [225].

Periodic Dispersion Maps

Similar to the single-channel soliton systems discussed in Section 9.4.2, periodic dis-

persion maps consisting of two fiber segments with opposite GVD benefit the WDM
soliton systems enormously. Issues such as interchannel collisions, timing jitter, and

optimum dispersion maps were studied extensively during the 1990s [226]-[250]. The

use of design optimization techniques has resulted in WDM soliton systems capable of

operating at bit rates close to 1 Tb/s [25 1 ]—[262]

.

An important issue for WDM systems making use of DM solitons is how a dis-

persion map consisting of opposite-GVD fibers affects interchannel collisions and the

timing jitter. It is easy to see that the nature of soliton collisions is changed drastically

in such systems. Consider solitons in two different channels. A shorter-wavelength

soliton travels faster in the anomalous-GVD section but slower in the normal-GVD

section. Moreover, because of high local GVD, the speed difference is large. Also,

the pulse width changes in each map period and can become quite large in some re-

gions. The net result is that two colliding solitons move in a zigzag fashion and pass

through each other many times before they separate from each other because of the
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Figure 9.28: Collision-induced frequency and temporal shifts for a soliton surrounded by four

channels on each side (75 GHz spacing). Curves 1 and 2 represent the case copolarized and

orthogonally polarized solitons in neighboring channels, respectively. Curves 3 and 4 show the

improvement realized with sliding-frequency filters. The dotted line shows the prediction of an

analytical model. (After Ref. [238]); ©1999 OSA; reprinted with permission.)

much slower relative motion governed by the average value of GVD. Since the effec-

tive collision length is much larger than the map period (and the amplifier spacing),

the condition Lco\\ > 2L& is satisfied even when soliton wavelengths differ by 20 nm
or more. This feature makes it possible to design WDM soliton systems with a large

number of high-bit-rate channels.

The residual frequency shift introduced during such a process depends on a large

number of parameters including the map period, map strength, and amplifier spacing

[236]-[240]. Physically speaking, residual frequency shifts occurring during complete

collisions average out to zero. However, not all collisions are complete. For example,

if solitons overlap initially, the incomplete nature of the collision will produce some

residual frequency shift. The zigzag motion of solitons can also produce frequency

shifts if the solitons approach each other near the junction of opposite-GVD fibers

since they will reverse direction before crossing each other. Such partial collisions can

result in large frequency shifts, which can shift solitons by a large amount within their

bit slots. This behavior is unacceptable from a system standpoint.

A simple solution to this problem is provided by sliding-frequency filters [238].

Such filters reduce the frequency and temporal shifts to manageable levels in the same

way they mitigate the effects of ASE-induced frequency shifts. Curve 1 in Figure 9.28

shows the frequency and temporal shifts (calculated numerically) for the middle chan-

nel surrounded by four channels on each side (channel spacing 75 GHz). The soliton

shifts by 100 ps (one bit slot) over 10,000 km because its frequency shifts by more than

10 GHz. The use of orthogonally polarized solitons (curve 2) improves the situation
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somewhat but does not solve the problem. However, if sliding-frequency filters are

employed, the temporal shift is reduced to below 15 ps for copolarized solitons (curve

3) and to below 10 ps for orthogonally polarized solitons (curve 4). In these numerical

simulations, the map period and amplifier spacing are equal to 40 km. The dispersion

map consists of 36 km of anomalous-GVD fiber and 4 km of DCF (/3 2n ~ 130 ps2/km)

such that average value of dispersion is 0.1 ps/(km-nm).

Many issues need to be addressed in designing WDM systems. These include the

SNR degradation because of the accumulation of ASE, timing jitter induced by ASE
and other sources (acoustic waves, ASE, Raman-induced frequency shift, PMD, etc.),

XPM-induced intrachannel interactions, and interchannel collisions. Most of them de-

pend on the choice of the map period, local value of the GVD in each fiber section, and

average dispersion of the entire link. The choice of loss-management scheme (lumped

versus distributed amplification) also impacts the system performance. These issues

are common to all WDM systems and can only be addressed by solving the underlying

NLS equation numerically (see Appendix E).

Figure 9.29 shows the role played by local dispersion by comparing the maximum
transmission distances for the lumped (EDFA) and distributed (Raman) amplification

schemes [248]. The dispersion map consists of a long fiber section with GVD in the

range 2-17 ps/(km-nm) and a short fiber section with the dispersion of —25 ps/(km-nm)

whose length is chosen to yield an average GVD of 0.04 ps/(km-nm). The map period

and amplifier spacing are equal to 50 km. Pulse parameters at a bit rate of 40 Gb/s cor-

respond to the periodic propagation ofDM solitons. The curves marked “interactions”

provide the distance at which solitons have shifted by 30% of the 25-ps bit slot because

of intrachannel pulse-to-pulse interactions. The curves marked “XPM” denote the lim-

iting distance set by the XPM-induced interchannel interactions. The curves marked

“PIM” show the improvement realized by polarization-interleaved multiplexing (PIM)

of WDM channels. The two circles marked A and B denote the optimum values of

local GVD in the cases of lumped and distributed amplification, respectively. Several

points are noteworthy in Fig. 9.29. First, Raman amplification improves the transmis-

sion distance from the standpoint of intrachannel interactions but has a negative impact

when interchannel collisions are considered. Second, polarization multiplexing helps

for both lumped and distributed amplification. Third, the local value of GVD plays an

important role and its optimum value is different for lumped and distributed amplifi-

cation. The main conclusion is that numerical simulations are essential for optimizing

any WDM system.

On the experimental side, 16 channels at 20 Gb/s were transmitted in 1997 over

1300 km of standard fiber with a map period of 100 km using a DCF that compen-

sated partially both GVD and its slope [251]. In a 1998 experiment, 20 channels at

20 Gb/s were transmitted over 2000 km using dispersion-flattened fiber with a channel

spacing of 0.8 nm [252]. A capacity of 640 Gb/s was realized in a 2000 experiment

in which 16 channels at 40 Gb/s were transmitted over 1000 km [257]. In a later ex-

periment, the system capacity was extended to 1 Tb/s by transmitting 25 channels at

40 Gb/s over 1500 km with 100-GHz channel spacing [261]. The 250-km recirculat-

ing fiber loop employed a dispersion map with the 50-km map period and a relatively

low value of average dispersion for all channels. Dispersion slope (TOD) was nearly

compensated and had a value of less than 0.005 ps/(km-nm 2
). A BER of 10

-9
could
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Figure 9.29: Maximum transmission distance as a function of local dispersion for a WDM
soliton system with 40-Gb/s channels spaced apart by 100 GHz. The curves with labels “In-

teractions” and “XPM” show limitations due to intrachannel and interchannel pulse interac-

tions, respectively. The PIM curves correspond to the case of polarization multiplexing. (After

Ref. [248]); ©2001 OSA; reprinted with permission.)

be achieved for all channels because of dispersion-slope compensation realized using

reverse-dispersion fibers. In a 2001 experiment, a system capacity of 2.56 Tb/s was

realized (32 channels at 80 Gb/s) by interleaving two orthogonally polarized 40-Gb/s

WDM pulse trains but the transmission distance was limited to 120 km [262]. The

use of polarization multiplexing in combination with the carrier-suppressed RZ format

permitted a spectral efficiency of 0.8 (b/s)/Hz in this experiment.

Many experiments have focused on soliton systems for transoceanic applications.

The total bit rate is lower for such systems because of long distances over which soli-

tons must travel. Transmission of eight channels at 10-Gb/s over transoceanic distances

was realized as early as 1996 [205]. Eight 20-Gb/s channels were transmitted in a

1998 experiment but the distance was limited to 4000 km [254]. By 2000, the 160-

Gb/s capacity was attained by transmitting eight 20-Gb/s channels over 10,000 km
using optical filters and synchronous modulators inside a 250-km recirculating fiber

loop [258]. It was necessary to use a polarization scrambler and a phase modulator

at the input end. The 160-Gb/s capacity was also realized using two 80-Gb/s chan-

nels. In another experiment, up to 27 WDM channels were transmitted over 9000 km
using a hybrid amplification scheme in which distributed Raman amplification (with

backward pumping) compensated for nearly 70% of losses incurred over the 56-km

map period [259]. In general, the use of distributed Raman amplification improves the

system performance considerably as it reduces the XPM-induced interactions among

solitons [248]. These experiments show that the use ofDM solitons has the potential of

realizing transoceanic lightwave systems capable of operating with a capacity of 1 Tb/s

or more.
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Problems

9.1 A 10-Gb/s soliton system is operating at 1 .55 /im using fibers with D = 2 ps/(km-

nm). The effective core area of the fiber is 50 fim
2

. Calculate the peak power

and the pulse energy required for fundamental solitons of 30-ps width (FWHM).
Use n2 = 2.6 x 10

"20 m2/W.

9.2 The soliton system of Problem 9.1 needs to be upgraded to 40 Gb/s. Calculate

the pulse width, peak power, and the energy of solitons using q o = 4. What is

the average launched power for this system?

9.3 Verify by direct substitution that the soliton solution given in Eq. (9.1.11) satis-

fies the NLS equation.

9.4 Solve the NLS equation using the split-step Fourier method (see Section 2.4 of

Ref. [10] for details on this method). Reproduce Figs. 9. 1-9.3 using your pro-

gram. Any programming language, including software packages such as Mathe-

matica and Matlab, can be used.

9.5 Verify numerically by propagating a fundamental soliton over 100 dispersion

lengths that the shape of the soliton does not change on propagation. Repeat the

simulation using a Gaussian input pulse shape with the same peak power and

explain the results.

9.6 A 10-Gb/s soliton lightwave system is designed with q o = 5 to ensure well-

separated solitons in the RZ bit stream. Calculate pulse width, peak power, pulse

energy, and the average power of the RZ signal assuming @2 = — 1 ps
2/km and

y=2 W_1/km for the dispersion-shifted fiber.

9.7 A soliton communication system is designed to transmit data over 5000 km at

B= 10 Gb/s. What should be the pulse width (FWHM) to ensure that the neigh-

boring solitons do not interact during transmission? The dispersion parameter

D = 1 ps/(km-nm) at the operating wavelength. Assume that soliton interaction

is negligible when B 2Lj in Eq. (9.2.10) is 10% of its maximum allowed value.

9.8 Prove that the energy of standard solitons should be increased by the factor

GlnG/(G— 1) when the fiber loss a is compensated using optical amplifiers.

Here G = exp(aL^) is the amplifier gain and L& is the spacing between ampli-

fiers assumed to be much smaller than the dispersion length.

9.9 A 10-Gb/s soliton communication system is designed with 50-km amplifier spac-

ing. What should be the peak power of the input pulse to ensure that a funda-

mental soliton is maintained in an average sense in a fiber with 0.2 dB/km loss?

Assume that Ts = 20 ps, f}2 = —0.5 ps2/km and 7 = 2 W_
1 /km. What is the

average launched power for such a system?

9.10

Calculate the maximum bit rate for a soliton lightwave system designed with

go = 5, (32 = — 1 ps2/km, and L& = 50 km. Assume that the condition (9.3.10)

is satisfied when B2
La is at the 20% level. What is the soliton width at the

maximum bit rate?
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9.11 Derive Eq. (9.3.15) by integrating Eq. (9.3.1 1) in the case of bidirectional pump-

ing. Plot p(z) for La = 20, 40, 60, and 80 km using a = 0.2 dB/km and

ap = 0.25 dB/km.

9.12 Use Eq. (9.3.15) to determine the pump-station spacing La for which the soliton

energy deviates at most 20% from its input value.

9.13 Consider soliton evolution in a dispersion-decreasing fiber using the NLS equa-

tion and prove that soliton remains unperturbed when the fiber dispersion de-

creases exponentially as ($2 (z) = /32 (0) exp(— az).

9.14 Starting from the NLS equation (9.4.5), derive the variational equations for the

pulse width T and the chirp C using the Gaussian ansatz given in Eq. (9.4.6).

9.15 Solve Eqs. (9.4.7) and (9.4.8) numerically by imposing the periodicity condition

given in Eq. (9.4.9). Plot To and Co as a function of Eo for a dispersion map

made using 70 km of the standard fiber with D = 17 ps/(km-nm) and 10 km of

dispersion-compensating fiber with D = — 1 15 ps/(km-nm). Use y = 2 W - Vkm
and a = 0.2 dB/km for the standard fiber and y= 6W -1/km and a = 0.5 dB/km
for the other fiber.

9.16 Calculate the map strength S and the map parameter rmap for the map used in the

preceding problem. Estimate the maximum bit rate that this map can support.

9.17 Verify using Eqs. (9.5.8)-(9.5. 12) that the variances and correlations of amplifier-

induced fluctuations are indeed given by Eqs. (9.5. 13)—(9.5. 15).

9.18 Prove that the variances ofE
,
Q, and q are given by Eq. (9.5. 17) for the standard

solitons using Eq. (9.5.16) in Eqs. (9.5.8)—(9.5. 1 1).

9.19 Derive Eq. (9.5.29) for the timing jitter starting from the recurrence relation in

Eq. (9.5.26). Show all the steps clearly.

9.20 Find the peak value of the collision-induced frequency and temporal shifts by

integrating Eq. (9.7.8) with b = 1.

9.21 Explain how soliton collisions limit the number of channels in a WDM soliton

system. Find how the maximum number of channels depends on the channel and

amplifier spacings using the condition Lcoii > 2La.
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Chapter 10

Coherent Lightwave Systems

The lightwave systems discussed so far are based on a simple digital modulation scheme

in which an electrical bit stream modulates the intensity of an optical carrier inside the

optical transmitter and the optical signal transmitted through the fiber link is incident

directly on an optical receiver, which converts it to the original digital signal in the elec-

trical domain. Such a scheme is referred to as intensity modulation with direct detection

(IM/DD). Many alternative schemes, well known in the context of radio and microwave

communication systems [1]—[6], transmit information by modulating the frequency or

the phase of the optical carrier and detect the transmitted signal by using homodyne

or heterodyne detection techniques. Since phase coherence of the optical carrier plays

an important role in the implementation of such schemes, such optical communica-

tion systems are called coherent lightwave systems. Coherent transmission techniques

were studied during the 1980s extensively [7]—[16]. Commercial deployment of coher-

ent systems, however, has been delayed with the advent of optical amplifiers although

the research and development phase has continued worldwide.

The motivation behind using the coherent communication techniques is two-fold.

First, the receiver sensitivity can be improved by up to 20 dB compared with that of

IM/DD systems. Second, the use of coherent detection may allow a more efficient use

of fiber bandwidth by increasing the spectral efficiency ofWDM systems. In this chap-

ter we focus on the design of coherent lightwave systems. The basic concepts behind

coherent detection are discussed in Section 10.1. In Section 10.2 we present new mod-

ulation formats possible with the use of coherent detection. Section 10.3 is devoted to

synchronous and asynchronous demodulation schemes used by coherent receivers. The

bit-error rate (BER) for various modulation and demodulation schemes is considered

in Section 10.4. Section 10.5 focuses on the degradation of receiver sensitivity through

mechanisms such as phase noise, intensity noise, polarization mismatch, fiber disper-

sion, and reflection feedback. The performance aspects of coherent lightwave systems

are reviewed in Section 10.6 where we also discuss the status of such systems at the

end of 2001.
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Beam combiner

Figure 10.1: Schematic illustration of a coherent detection scheme.

10.1 Basic Concepts

10.1.1 Local Oscillator

The basic idea behind coherent detection consists of combining the optical signal co-

herently with a continuous-wave (CW) optical field before it falls on the photodetector

(see Fig. 10.1). The CW field is generated locally at the receiver using a narrow-

linewidth laser, called the local oscillator (LO), a term borrowed from the radio and

microwave literature. To see how the mixing of the received optical signal with the

LO output can improve the receiver performance, let us write the optical signal using

complex notation as

Es = As exp[-z'(a>of + $,)]

,

( 10. 1 . 1)

where coo is the carrier frequency, A s is the amplitude, and (j)s is the phase. The optical

field associated with the local oscillator is given by a similar expression,

Elo = ^LO exp[— i((OLot + 0lo)]> ( 10 . 1 .2)

where Alo> and 0lo represent the amplitude, frequency, and phase of the local

oscillator, respectively. The scalar notation is used for both E s and E^o after assuming

that the two fields are identically polarized (polarization-mismatch issues are discussed

later in Section 10.5.3). Since a photodetector responds to the optical intensity, the

optical power incident at the photodetector is given by P = K\E S + E^q\ 2
, where K is a

constant of proportionality. Using Eqs. (10.1.1) and (10.1.2),

P(t) — Ps + PlO + 2y/PsPlo cos((oiFt + (j)s
—

(j)lo)> (10.1.3)

where

PS = KA2
, Plq = KAlq, coif = coo

— colo • (10.1.4)

The frequency Vif = C0if/27T is known as the intermediatefrequency (IF). When coo

(Dfo, the optical signal is demodulated in two stages; its carrier frequency is first con-

verted to an intermediate frequency Vjf (typically 0.1-5 GHz) before the signal is de-

modulated to the baseband. It is not always necessary to use an intermediate frequency.
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In fact, there are two different coherent detection techniques to choose from, depend-

ing on whether or not coif equals zero. They are known as homodyne and heterodyne

detection techniques.

10.1.2 Homodyne Detection

In this coherent-detection technique, the local-oscillator frequency &>lo is selected to

coincide with the signal-carrier frequency coo so that &>if = 0. From Eq. (10.1.3), the

photocurrent (/ = RP , where R is the detector responsivity) is given by

I(t) = R(PS + /to) + 2tf v/7yio COS (<fe
-

(pLO ) . (10.1.5)

Typically, Plo ^ P$> and P
s +Plo ~ Plo- The last term in Eq. (10.1.5) contains the

information transmitted and is used by the decision circuit. Consider the case in which

the local-oscillator phase is locked to the signal phase so that (j)s = </>lo- The homodyne

signal is then given by

Ipit) = 2/V/Vi.o. (10.1.6)

The main advantage of homodyne detection is evident from Eq. (10.1 .6) if we note that

the signal current in the direct-detection case is given by Idd(t) = PPV (?). Denoting the

average optical power by Ps , the average electrical power is increased by a factor of

4Plo/P? with the use of homodyne detection. Since Plo can be made much larger than

Ps , the power enhancement can exceed 20 dB. Although shot noise is also enhanced,

it is shown later in this section that homodyne detection improves the signal-to-noise

ratio (SNR) by a large factor.

Another advantage of coherent detection is evident from Eq. (10.1.5). Because the

last term in this equation contains the signal phase explicitly, it is possible to trans-

mit information by modulating the phase or frequency of the optical carrier. Direct

detection does not allow phase or frequency modulation, as all information about the

signal phase is lost. The new modulation formats for coherent systems are discussed in

Section 10.2.

A disadvantage of homodyne detection also results from its phase sensitivity. Since

the last term in Eq. (10.1.5) contains the local-oscillator phase 0lo explicitly, clearly

0lo should be controlled. Ideally,
{

p

s and (f)lo should stay constant except for the inten-

tional modulation of (j)s . In practice, both (j)s and
(/)lo fluctuate with time in a random

manner. However, their difference (j)s — (f)lo can be forced to remain nearly constant

through an optical phase-locked loop. The implementation of such a loop is not sim-

ple and makes the design of optical homodyne receivers quite complicated. In addition,

matching of the transmitter and local-oscillator frequencies puts stringent requirements

on the two optical sources. These problems can be overcome by the use of heterodyne

detection, discussed next.

10.1.3 Heterodyne Detection

In the case of heterodyne detection the local-oscillator frequency colo is chosen to

differ form the signal-carrier frequency coo such that the intermediate frequency coif is
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in the microwave region (vif ~ 1 GHz). Using Eq. (10.1.3) together with I = RP
,
the

photocurrent is now given by

I(t) = R{Ps + PLO ) + 2R^PsPLO cos(o)iFt + (l)s
-

<j)lq) . (10.1.7)

Since Plo Ps in practice, the direct-current (dc) term is nearly constant and can

be removed easily using bandpass filters. The heterodyne signal is then given by the

alternating-current (ac) term in Eq. (10.1.7) or by

4c (0 =2Ry/

P

sPlo cos(o)if^ + (ps — 0lo) • (10.1.8)

Similar to the case of homodyne detection, information can be transmitted through

amplitude, phase, or frequency modulation of the optical carrier. More importantly, the

local oscillator still amplifies the received signal by a large factor, thereby improving

the SNR. However, the SNR improvement is lower by a factor of 2 (or by 3 dB)

compared with the homodyne case. This reduction is referred to as the heterodyne-

detection penalty. The origin of the 3-dB penalty can be seen by considering the signal

power (proportional to the square of the current). Because of the ac nature of 7 ac , the

average signal power is reduced by a factor of 2 when /
2
C is averaged over a full cycle

at the intermediate frequency (recall that the average of cos 2 0 over 0 is ^).

The advantage gained at the expense of the 3-dB penalty is that the receiver design

is considerably simplified because an optical phase-locked loop is no longer needed.

Fluctuations in both (ps and (j)lo still need to be controlled using narrow-linewidth semi-

conductor lasers for both optical sources. However, as discussed in Section 10.5.1,

the linewidth requirements are quite moderate when an asynchronous demodulation

scheme is used. This feature makes the heterodyne-detection scheme quite suitable for

practical implementation in coherent lightwave systems.

10.1.4 Signal-to-Noise Ratio

The advantage of coherent detection for lightwave systems can be made more quanti-

tative by considering the SNR of the receiver current. For this purpose, it is necessary

to extend the analysis of Section 4.4 to the case of heterodyne detection. The receiver

current fluctuates because of shot noise and thermal noise. The variance a 2
of current

fluctuations is obtained by adding the two contributions so that

a2 = 07 + 07, (10.1.9)

where

a? = 2q(l+ Id)Af, a} = (4kliT/RL)FnAf. (10.1.10)

The notation used here is the same as in Section 4.4. The main difference from the

analysis of Section 4.4 occurs in the shot-noise contribution. The current I in Eq.

(10. 1 . 10) is the total photocurrent generated at the detector and is given by Eq. (10. 1 .5)

or Eq. (10. 1 .7), depending on whether homodyne or heterodyne detection is employed.

In practice, Plo ^ P?, and I in Eq. (10.1.10) can be replaced by the dominant term

PPlo for both cases.
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The SNR is obtained by dividing the average signal power by the average noise

power. In the heterodyne case, it is given by

III) 2R2PsPloSNR=-^ = — (10.1.11)
a2 2q(RPLO + Id)Af+Gf

In the homodyne case, the SNR is larger by a factor of 2 if we assume that (j) s = 0lo in

Eq. (10.1.5). The main advantage of coherent detection can be seen from Eq. (10.1.11).

Since the local-oscillator power Plo can be controlled at the receiver, it can be made

large enough that the receiver noise is dominated by shot noise. More specifically,

of Oj when

Plo » 02
/(2qRAf). (10.1.12)

Under the same conditions, the dark-current contribution to the shot noise is negligible

{Id <C RPlo)- The SNR is then given by

SNR
RP, r\Ps

qAf hvAf
(10.1.13)

where R = r\q/hv was used from Eq. (4.1.3). The use of coherent detection allows one

to achieve the shot-noise limit even for p-i-n receivers whose performance is generally

limited by thermal noise. Moreover, in contrast with the case of avalanche photodiode

(APD) receivers, this limit is realized without adding any excess shot noise.

It is useful to express the SNR in terms of the number of photons, Np , received

within a single bit. At the bit rate B, the signal power Ps is related toNp as Ps =NphvB.

Typically, A/ ~ B/2. By using these values of Ps and A/ in Eq. (10.1.13), the SNR is

given by a simple expression

SNR = 2r\Np . (10.1.14)

In the case of homodyne detection, SNR is larger by a factor of 2 and is given by

SNR = 4rjNp . Section 10.4 discusses the dependence of the BER on SNR and shows

how receiver sensitivity is improved by the use of coherent detection.

10.2 Modulation Formats

As discussed in Section 10.1, an important advantage of using the coherent detection

techniques is that both the amplitude and the phase of the received optical signal can

be detected and measured. This feature opens up the possibility of sending information

by modulating either the amplitude, or the phase, or the frequency of an optical carrier.

In the case of digital communication systems, the three possibilities give rise to three

modulation formats known as amplitude-shift keying (ASK), phase-shift keying (PSK),

and frequency-shift keying (FSK) [1]—[6]. Figure 10.2 shows schematically the three

modulation formats for a specific bit pattern. In the following subsections we consider

each format separately and discuss its implementation in practical lightwave systems.
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Figure 10.2: ASK, PSK, and FSK modulation formats for a specific bit pattern shown on the

top.

10.2.1 ASK Format

The electric field associated with an optical signal can be written as [by taking the real

part of Eq. (10.1.1)]

Es (t) =A,s(f)cos[<aof + &(*)]• (10.2.1)

In the case of ASK format, the amplitude A s is modulated while keeping (Do and (j)s

constant. For binary digital modulation, A s takes one of the two fixed values during

each bit period, depending on whether 1 or 0 bit is being transmitted. In most practical

situations, As is set to zero during transmission of 0 bits. The ASK format is then called

on-offkeying (OOK) and is identical with the modulation scheme commonly used for

noncoherent (IM/DD) digital lightwave systems.

The implementation of ASK for coherent systems differs from the case of the

direct-detection systems in one important aspect. Whereas the optical bit stream for

direct-detection systems can be generated by modulating a light-emitting diode (LED)

or a semiconductor laser directly, external modulation is necessary for coherent com-

munication systems. The reason behind this necessity is related to phase changes that
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invariably occur when the amplitude A s (or the power) is changed by modulating the

current applied to a semiconductor laser (see Section 3.5.3). For IM/DD systems, such

unintentional phase changes are not seen by the detector (as the detector responds only

to the optical power) and are not of major concern except for the chirp-induced power

penalty discussed in Section 5.4.4. The situation is entirely different in the case of

coherent systems, where the detector response depends on the phase of the received

signal. The implementation of ASK format for coherent systems requires the phase

(j>s to remain nearly constant. This is achieved by operating the semiconductor laser

continuously at a constant current and modulating its output by using an external mod-

ulator (see Section 3.6.4). Since all external modulators have some insertion losses,

a power penalty incurs whenever an external modulator is used; it can be reduced to

below 1 dB for monolithically integrated modulators.

As discussed in Section 3.64, a commonly used external modulator makes use of

LiNb03 waveguides in a Mach-Zehnder (MZ) configuration [17]. The performance

of external modulators is quantified through the on-off ratio (also called extinction

ratio) and the modulation bandwidth. LiNbO 3 modulators provide an on-off ratio in

excess of 20 and can be modulated at speeds up to 75 GHz [18]. The driving voltage

is typically 5 V but can be reduced to near 3 V with a suitable design. Other materials

can also be used to make external modulators. For example, a polymeric electro-optic

MZ modulator required only 1.8 V for shifting the phase ofal.55-/xm signal by k in

one of the arms of the MZ interferometer [19].

Electroabsorption modulators, made using semiconductors, are often preferred be-

cause they do not require the use of an interferometer and can be integrated mono-

lithically with the laser (see Section 3.6.4). Optical transmitters with an integrated

electroabsorption modulator capable of modulating at 10 Gb/s were available commer-

cially by 1999 and are used routinely for IM/DD lightwave systems [20]. By 2001,

such integrated modulators exhibited a bandwidth of more than 50 GHz and had the

potential of operating at bit rates of up to 100 Gb/s [21]. They are likely to be employed

for coherent systems as well.

10.2.2 PSK Format

In the case of PSK format, the optical bit stream is generated by modulating the phase

(j)s in Eq. (10.2.1) while the amplitude As and the frequency O)o of the optical carrier

are kept constant. For binary PSK, the phase (j) s takes two values, commonly chosen to

be 0 and k. Figure 10.2 shows the binary PSK format schematically for a specific bit

pattern. An interesting aspect of the PSK format is that the optical intensity remains

constant during all bits and the signal appears to have a CW form. Coherent detection is

a necessity for PSK as all information would be lost if the optical signal were detected

directly without mixing it with the output of a local oscillator.

The implementation of PSK requires an external modulator capable of changing

the optical phase in response to an applied voltage. The physical mechanism used

by such modulators is called electrorefraction. Any electro-optic crystal with proper

orientation can be used for phase modulation. A LiNbO 3 crystal is commonly used in

practice. The design of LiNbO 3-based phase modulators is much simpler than that of

an amplitude modulator as a Mach-Zehnder interferometer is no longer needed, and
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a single waveguide can be used. The phase shift 8(p occurring while the CW signal

passes through the waveguide is related to the index change Sn by the simple relation

8$ = (2n/X)(8n)lm (10.2.2)

where lm is the length over which index change is induced by the applied voltage.

The index change 8n is proportional to the applied voltage, which is chosen such that

8(j) = k. Thus, a phase shift of n can be imposed on the optical carrier by applying the

required voltage for the duration of each “1” bit.

Semiconductors can also be used to make phase modulators, especially if a multi-

quantum-well (MQW) structure is used. The electrorefraction effect originating from

the quantum-confinement Stark effect is enhanced for a quantum-well design. Such

MQW phase modulators have been developed [22]—[27] and are able to operate at

a bit rate of up to 40 Gb/s in the wavelength range 1.3-1.6 pm. Already in 1992,

MQW devices had a modulation bandwidth of 20 GHz and required only 3.85 V for

introducing a n phase shift when operated near 1.55 fim [22]. The operating voltage

was reduced to 2.8 V in a phase modulator based on the electroabsorption effect in a

MQW waveguide [23]. A spot-size converter is sometimes integrated with the phase

modulator to reduce coupling losses [24]. The best performance is achieved when a

semiconductor phase modulator is monolithically integrated within the transmitter [25].

Such transmitters are quite useful for coherent lightwave systems.

The use of PSK format requires that the phase of the optical carrier remain stable

so that phase information can be extracted at the receiver without ambiguity. This re-

quirement puts a stringent condition on the tolerable linewidths of the transmitter laser

and the local oscillator. As discussed later in Section 10.5.1, the linewidth requirement

can be somewhat relaxed by using a variant of the PSK format, known as differential

phase-shift keying (DPSK). In the case of DPSK, information is coded by using the

phase difference between two neighboring bits. For instance, if
(f)^

represents the phase

of the kth bit, the phase difference A0 = is changed by n or 0, depending on

whether £th bit is a 1 or 0 bit. The advantage of DPSK is that the transmittal signal can

be demodulated successfully as long as the carrier phase remains relatively stable over

a duration of two bits.

10.2.3 FSK Format

In the case of FSK modulation, information is coded on the optical carrier by shifting

the carrier frequency (Oq itself [see Eq. (10.2.1)]. For a binary digital signal, coo takes

two values, coo + Aco and coo — Aco, depending on whether a 1 or 0 bit is being trans-

mitted. The shift A/ = Aco/In is called tht frequency deviation. The quantity 2A/ is

sometimes called tone spacing , as it represents the frequency spacing between 1 and 0

bits. The optical field for FSK format can be written as

Es (t) = A^cos[(o)q± Aco)f+ 05 ], (10.2.3)

where 4- and — signs correspond to 1 and 0 bits. By noting that the argument of cosine

can be written as cotf + (<j>s ± Acot), the FSK format can also be viewed as a kind of
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PSK modulation such that the carrier phase increases or decreases linearly over the bit

duration.

The choice of the frequency deviation A/ depends on the available bandwidth. The

total bandwidth of a FSK signal is given approximately by 2A

f

+ 2B, where B is the

bit rate [1]. When A/ B
,
the bandwidth approaches 2A/ and is nearly independent

of the bit rate. This case is often referred to as wide-deviation or wideband FSK. In the

opposite case of A/ <C B , called narrow-deviation or narrowband FSK, the bandwidth

approaches 2B. The ratio /3fm — Af/B, called the frequency modulation (FM) index,

serves to distinguish the two cases, depending on whether Pfm 1 or j3fm 1 .

The implementation of FSK requires modulators capable of shifting the frequency

of the incident optical signal. Electro-optic materials such as LiNbO 3 normally produce

a phase shift proportional to the applied voltage. They can be used for FSK by applying

a triangular voltage pulse (sawtooth-like), since a linear phase change corresponds to a

frequency shift. An alternative technique makes use of Bragg scattering from acoustic

waves. Such modulators are called acousto-optic modulators. Their use is somewhat

cumbersome in the bulk form. However, they can be fabricated in compact form using

surface acoustic waves on a slab waveguide. The device structure is similar to that of

an acousto-optic filter used for wavelength-division multiplexing (WDM) applications

(see Section 8.3.1). The maximum frequency shift is typically limited to below 1 GHz
for such modulators.

The simplest method for producing an FSK signal makes use of the direct-modulation

capability of semiconductor lasers. As discussed in Section 3.5.2, a change in the op-

erating current of a semiconductor laser leads to changes in both the amplitude and

frequency of emitted light. In the case of ASK, the frequency shift or the chirp of the

emitted optical pulse is undesirable. But the same frequency shift can be used to ad-

vantage for the purpose of FSK. Typical values of frequency shifts are ~ 1 GHz/mA.

Therefore, only a small change in the operating current (~ 1 mA) is required for pro-

ducing the FSK signal. Such current changes are small enough that the amplitude does

not change much from from bit to bit.

For the purpose of FSK, the FM response of a distributed feedback (DFB) laser

should be flat over a bandwidth equal to the bit rate. As seen in Fig. 10.3, most DFB
lasers exhibit a dip in their FM response at a frequency near 1 MHz [28]. The rea-

son is that two different physical phenomena contribute to the frequency shift when

the device current is changed. Changes in the refractive index, responsible for the fre-

quency shift, can occur either because of a temperature shift or because of a change in

the carrier density. The thermal effects contribute only up to modulation frequencies

of about 1 MHz because of their slow response. The FM response decreases in the

frequency range 0.1-10 MHz because the thermal contribution and the carrier-density

contribution occur with opposite phases.

Several techniques can be used to make the FM response more uniform. An equal-

ization circuit improves uniformity but also reduces the modulation efficiency. Another

technique makes use of transmission codes which reduce the low-frequency compo-

nents of the data where distortion is highest. Multisection DFB lasers have been devel-

oped to realize a uniform FM response [29]—[35] . Figure 10.3 shows the FM response

of a two-section DFB laser. It is not only uniform up to about 1 GHz, but its modula-

tion efficiency is also high. Even better performance is realized by using three-section
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Figure 10.3: FM response of a typical DFB semiconductor laser exhibiting a dip in the frequency

range 0.1-10 MHz. (After Ref. [12]; ©1988 IEEE; reprinted with permission.)

DBR lasers described in Section 3.4.3 in the context of tunable lasers. Flat FM re-

sponse from 100 kHz to 15 GHz was demonstrated [29] in 1990 in such lasers. By

1995, the use of gain-coupled, phase-shifted, DFB lasers extended the range of uni-

form FM response from 10 kHz to 20 GHz [33]. When FSK is performed through

direct modulation, the carrier phase varies continuously from bit to bit. This case is

often referred to as continuous-phase FSK (CPFSK). When the tone spacing 2A/ is

chosen to be B/2 (/3fm — 5 ), CPFSK is also called minimum-shift keying (MSK).

10.3 Demodulation Schemes

As discussed in Section 10.1, either homodyne or heterodyne detection can be used

to convert the received optical signal into an electrical form. In the case of homo-

dyne detection, the optical signal is demodulated directly to the baseband. Although

simple in concept, homodyne detection is difficult to implement in practice, as it re-

quires a local oscillator whose frequency matches the carrier frequency exactly and

whose phase is locked to the incoming signal. Such a demodulation scheme is called

synchronous and is essential for homodyne detection. Although optical phase-locked

loops have been developed for this purpose, their use is complicated in practice. Het-

erodyne detection simplifies the receiver design, as neither optical phase locking nor

frequency matching of the local oscillator is required. However, the electrical signal

oscillates rapidly at microwave frequencies and must be demodulated from the IF band

to the baseband using techniques similar to those developed for microwave commu-

nication systems [1]—

[

6]. Demodulation can be carried out either synchronously or

asynchronously. Asynchronous demodulation is also called incoherent in the radio

communication literature. In the optical communication literature, the term coherent

detection is used in a wider sense. A lightwave system is called coherent as long as

it uses a local oscillator irrespective of the demodulation technique used to convert

the IF signal to baseband frequencies. This section focuses on the synchronous and

asynchronous demodulation schemes for heterodyne systems.
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Figure 10.4: Block diagram of a synchronous heterodyne receiver.

10.3.1 Heterodyne Synchronous Demodulation

Figure 10.4 shows a synchronous heterodyne receiver schematically. The current gen-

erated at the photodiode is passed through a bandpass filter (BPF) centered at the inter-

mediate frequency coip. The filtered current in the absence of noise can be written as

[see Eq. (10.1.8)]

I/(t) = Ip cos((Oipt — 0), (10.3.1)

where Ip = 2Ry/PsP\jQ and (j) = 0po — Qs is the phase difference between the local

oscillator and the signal. The noise is also filtered by the BPF. Using the in-phase and

out-of-phase quadrature components of the filtered Gaussian noise [1], the receiver

noise is included through

I/(t) = (Ipcoscj) + /c)cos(o)if0 + (Ipsiruj) 4- is ) sin(coiFf), (10.3.2)

where ic and is are Gaussian random variables of zero mean with variance a 2
given

by Eq. (10.1.9). For synchronous demodulation, If(t) is multiplied by cos(coipt) and

filtered by a low-pass filter. The resulting baseband signal is

Id = (If cos(fO[Fr)) = j(Ip cos(j) + ic ), (10.3.3)

where angle brackets denote low-pass filtering used for rejecting the ac components

oscillating at 2 (Oif. Equation (10.3.3) shows that only the in-phase noise component

affects the performance of synchronous heterodyne receivers.

Synchronous demodulation requires recovery of the microwave carrier at the inter-

mediate frequency 0)if. Several electronic schemes can be used for this purpose, all

requiring a kind of electrical phase-locked loop [36]. Two commonly used loops are

the squaring loop and the Costas loop. A squaring loop uses a square-law device to

obtain a signal of the form cos 2
(cOif0 that has a frequency component at 2coip. This

component can be used to generate a microwave signal at co ip.

10.3.2 Heterodyne Asynchronous Demodulation

Figure 10.5 shows an asynchronous heterodyne receiver schematically. It does not

require recovery of the microwave carrier at the intermediate frequency, resulting in a

much simpler receiver design. The filtered signal I/(t) is converted to the baseband by
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Figure 10.5: Block diagram of an asynchronous heterodyne receiver.

using an envelope detector, followed by a low-pass filter. The signal received by the

decision circuit is just = |/yj, where If is given by Eq. (10.3.2). It can be written as

Id = \If\ = [(IpCosQ + ic)
2 + (Ip sm<t> + is)

2
]

l/2
. (10.3.4)

The main difference is that both the in-phase and out-of-phase quadrature components

of the receiver noise affect the signal. The SNR is thus degraded compared with the

case of synchronous demodulation. As discussed in Section 10.4, sensitivity degra-

dation resulting from the reduced SNR is quite small (about 0.5 dB). As the phase-

stability requirements are quite modest in the case of asynchronous demodulation, this

scheme is commonly used for coherent lightwave systems.

The asynchronous heterodyne receiver shown in Fig. 10.5 requires modifications

when the FSK and PSK modulation formats are used. Figure 10.6 shows two demod-

ulation schemes. The FSK dual-filter receiver uses two separate branches to process

the 1 and 0 bits whose carrier frequencies, and hence the intermediate frequencies, are

different. The scheme can be used whenever the tone spacing is much larger than the

bit rates, so that the spectra of 1 and 0 bits have negligible overlap (wide-deviation

FSK). The two BPFs have their center frequencies separated exactly by the tone spac-

ing so that each BPF passes either 1 or 0 bits only. The FSK dual-filter receiver can be

thought of as two ASK single-filter receivers in parallel whose outputs are combined

before reaching the decision circuit. A single-filter receiver of Fig. 10.5 can be used

for FSK demodulation if its bandwidth is chosen to be wide enough to pass the entire

bit stream. The signal is then processed by a frequency discriminator to identify 1 and

0 bits. This scheme works well only for narrow-deviation FSK, for which tone spacing

is less than or comparable to the bit rate (/3fm < 1).

Asynchronous demodulation cannot be used in the case the PSK format because

the phase of the transmitter laser and the local oscillator are not locked and can drift

with time. However, the use of DPSK format permits asynchronous demodulation by

using the delay scheme shown in Fig. 10.6(b). The idea is to multiply the received

bit stream by a replica of it that has been delayed by one bit period. The resulting

signal has a component of the form cos(0£ — fa-i), where is the phase of the kth

bit, which can be used to recover the bit pattern since information is encoded in the

phase difference
(f)/c
— \

.

Such a scheme requires phase stability only over a few bits

and can be implemented by using DFB semiconductor lasers. The delay-demodulation
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(a)

(6 )

Figure 10.6: (a) Dual-filter FSK and (b) DPSK asynchronous heterodyne receivers.

scheme can also be used for CPFSK. The amount of delay in that case depends on the

tone spacing and is chosen such that the phase is shifted by n for the delayed signal.

10.4 Bit-Error Rate

The preceding three sections have provided enough background material for calculat-

ing the bit-error rate (BER) of coherent lightwave systems. However, the BER, and

hence the receiver sensitivity, depend on the modulation format as well as on the de-

modulation scheme used by the coherent receiver. The section considers each case

separately.

10.4.1 Synchronous ASK Receivers

Consider first the case of heterodyne detection. The signal used by the decision circuit

is given by Eq. (10.3.3). The phase
(f)

generally varies randomly because of phase fluc-

tuations associated with the transmitter laser and the local oscillator. As discussed in

Section 10.5, the effect of phase fluctuations can be made negligible by using semicon-

ductor lasers whose linewidth is a small fraction of the bit rate. Assuming this to be

the case and setting (j) = 0 in Eq. (10.3.2), the decision signal is given by

Id — 2 kO’ (10.4.1)
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where Ip = 2R(PsP^o

)

1 /2 takes values I\ or Iq depending on whether a 1 or 0 bit is

being detected.

Consider the case /q = 0 in which no power is transmitted during the 0 bits. Except

for the factor of j in Eq. (10.4.1), the situation is analogous to the case of direct detec-

tion discussed in Section 4.5. The factor of ^ does not affect the BER since both the

signal and the noise are reduced by the same factor, leaving the SNR unchanged. In

fact, one can use the same result [Eq. (4.5.9)],

BER = \ erfc
2

(10.4.2)

where Q is given by Eq. (4.5. 10) and can be written as

/i-/o h

(7\ + Gq 2Gi
^(SNR) 1 /2

. (10.4.3)

In relating Q to SNR, we used /o = 0 and set Go ~ G\ . The latter approximation is justi-

fied for most coherent receivers whose noise is dominated by the shot noise induced by

local-oscillator power and remains the same irrespective of the received signal power.

Indeed, as shown in Section 10.1.4, the SNR of such receivers can be related to the

number of photons received during each 1 bit by the simple relation SNR = 2r\Np [see

Eq. (10.1.14)]. Equations (10.4.2) and (10.4.3) then provide the following expression

for the BER:

BER = \e,rfc{^Jt]Np/A). [ASK heterodyne] (10.4.4)

One can use the same method to calculate the BER in the case of ASK homodyne

receivers. Equations (10.4.2) and (10.4.3) still remain applicable. However, the SNR
is improved by 3 dB for the homodyne case, so that SNR = 4r\Np and

BER = \ vrtc(^jr\Np/2). [ASK homodyne] (10.4.5)

Equations (10.4.4) and (10.4.5) can be used to calculate the receiver sensitivity at

a specific BER. Similar to the direct-detection case discussed in Section 4.4, we can

define the receiver sensitivity Prec as the average received power required for realizing

a BER of 10
-9

or less. From Eqs. (10.4.2) and (10.4.3), BER = 10
~9 when 6 or

when SNR = 144 (21.6 dB). For the ASK heterodyne case we can use Eq. (10.1.14)

to relate SNR to Prec if we note that Prec = Ps/2 simply because signal power is zero

during the 0 bits. The result is

Prec = 2Q2
hvAf/r] = 12hvAf/r\. (10.4.6)

For the ASK homodyne case, Prec is smaller by a factor of 2 because of the 3-dB

homodyne-detection advantage discussed in Section 10.1.3. As an example, for a 1.55-

gm ASK heterodyne receiver with 77 = 0.8 and A/ = 1 GHz, the receiver sensitivity is

about 12 nW and reduces to 6 nW if homodyne detection is used.

The receiver sensitivity is often quoted in terms of the number of photons Np us-

ing Eqs. (10.4.4) and (10.4.5) as such a choice makes it independent of the receiver
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bandwidth and the operating wavelength. Furthermore, rj is also set to 1 so that the

sensitivity corresponds to an ideal photodetector. It is easy to verify that for realizing

a BER of = 10
-9

, Np should be 72 and 36 in the heterodyne and homodyne cases,

respectively. It is important to remember thatNp corresponds to the number of photons

within a single 1 bit. The average number of photons per bit, Np , is reduced by a factor

of 2 if we assume that 0 and 1 bits are equally likely to occur in a long bit sequence.

10.4.2 Synchronous PSK Receivers

Consider first the case of heterodyne detection. The signal at the decision circuit is

given by Eq. (10.3.3) or by

Id = j(Ip cos(j) + ic). (10.4.7)

The main difference from the ASK case is that Ip is constant, but the phase 0 takes

values 0 or n depending on whether a 1 or 0 is transmitted. In both cases, Id is a

Gaussian random variable but its average value is either Ip/2 or —Ip/2, depending on

the received bit. The situation is analogous to the ASK case with the difference that

/o = —I\ in place of being zero. In fact, one can use Eq. (10.4.2) for the BER, but Q is

now given by

<2
h-k
tfi + oo

21±
2(7

1

= (SNR) 1 /2
,

(10.4.8)

where lo = —h and Go = G\ was used. By using SNR = 2r\Np from Eq. (10.1.14), the

BER is given by

BER = 2 erfc
(

)

.
[PSK heterodyne] (10.4.9)

As before, the SNR is improved by 3 dB, or by a factor of 2, in the case of PSK
homodyne detection, so that

BER= ierfc( v/2?T7^). [PSK homodyne] (10.4.10)

The receiver sensitivity at a BER of 10
~9 can be obtained by using Q — 6 and Eq.

(10.1.14) for SNR. For the purpose of comparison, it is useful to express the receiver

sensitivity in terms of the number of photons Np . It is easy to verify that Np
= 18 and

9 for the cases of heterodyne and homodyne PSK detection, respectively. The average

number of photons/bit, Np , equals Np for the PSK format because the same power

is transmitted during 1 and 0 bits. A PSK homodyne receiver is the most sensitive

receiver, requiring only 9 photons/bit. It should be emphasized that this conclusion is

based on the Gaussian approximation for the receiver noise [37].

It is interesting to compare the sensitivity of coherent receivers with that of a direct-

detection receiver. Table 10.1 shows such a comparison. As discussed in Section

4.5.3, an ideal direct-detection receiver requires 10 photons/bit to operate at a BER
of <10 9

. This value is only slightly inferior to the best case of a PSK homodyne

receiver and considerably superior to that of heterodyne schemes. However, it is never

achieved in practice because of thermal noise, dark current, and many other factors,

which degrade the sensitivity to the extent that Np > 1000 is usually required. In the

case of coherent receivers, Np below 100 can be realized simply because shot noise

can be made dominant by increasing the local-oscillator power. The performance of

coherent receivers is discussed in Section 10.6.
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Table 10.1 Sensitivity of synchronous receivers

Modulation Format Bit-Error Rate NP Np

ASK heterodyne 2 erfc{y/riNp/4) 72 36

ASK homodyne
2 erfc{y/r\Np/2) 36 18

PSK heterodyne \erfc(^riNp )
18 18

PSK homodyne ±erfc((/27]iVp) 9 9

FSK heterodyne 3 erfc( \/ r)^Vp/2) 36 36

Direct detection
5
exp(— TjlVp) 20 10

10.4.3 Synchronous FSK Receivers

Synchronous FSK receivers generally use a dual-filter scheme similar to that shown in

Fig. 10.6(a) for the asynchronous case. Each filter passes only 1 or 0 bits. The scheme

is equivalent to two complementary ASK heterodyne receivers operating in parallel.

This feature can be used to calculate the BER of dual-filter synchronous FSK receivers.

Indeed, one can use Eqs. (10.4.2) and (10.4.3) for the FSK case also. However, the SNR
is improved by a factor of 2 compared with the ASK case. The improvement is due to

the fact that whereas no power is received, on average, half the time for ASK receivers,

the same amount of power is received all the time for FSK receivers. Hence the signal

power is enhanced by a factor of 2, whereas the noise power remains the same if we
assume the same receiver bandwidth in the two cases. By using SNR = 4r\Np in Eq.

(10.4.3), the BER is given by

BER = i erfc( ^Jr\Tj2 )

.

[FSK heterodyne] (10.4.11)

The receiver sensitivity is obtained from Eq. (10.4.6) by replacing the factor of 72

by 36. In terms of the number of photons, the sensitivity is given by Np = 36. The

average number of photons/bit, Np , also equals 36, since each bit carries the same

energy. A comparison of ASK and FSK heterodyne schemes in Table 10.1 shows

that Np = 36 for both schemes. Therefore even though the ASK heterodyne receiver

requires 72 photons within the 1 bit, the receiver sensitivity (average received power)

is the same for both the ASK and FSK schemes. Figure 10.7 plots the BER as a

function of Np for the ASK, PSK, and FSK formats by using Eqs. (10.4.4), (10.4.9),

and (10.4.11). The dotted curve shows the BER for the case of synchronous PSK
homodyne receiver discussed in Section 10.4.2. The dashed curves correspond to the

case of asynchronous receivers discussed in the following subsections.

10.4.4 Asynchronous ASK Receivers

The BER calculation for asynchronous receivers is slightly more complicated than for

synchronous receivers because the noise statistics does not remain Gaussian when an
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Figure 10.7: Bit-error-rate curves for various modulation formats. The solid and dashed lines

correspond to the cases of synchronous and asynchronous demodulation, respectively.

envelope detector is used (see Fig. 10.5). The reason can be understood from Eq.

(10.3.4), which shows the signal received by the decision circuit. In the case of an

ideal ASK heterodyne receiver without phase fluctuations,
(f)
can be set to zero so that

(subscript d is dropped for simplicity of notation)

I=\(Ip + ic )

2 + i
2

s \

l/2
. (10.4.12)

Even though both Ip + ic and is are Gaussian random variables, the probability density

function (PDF) of I is not Gaussian. It can be calculated by using a standard tech-

nique [38] and is found to be given by [39]

p(IJp )
= T eXp 7

« (^) .
(10A13)

where Iq represents the modified Bessel function of the first kind. Both i c and is are

assumed to have a Gaussian PDF with zero mean and the same standard deviation <7,

where a is the RMS noise current. The PDF given by Eq. (10.4.13) is known as the

Rice distribution [39]. Note that I varies in the range 0 to since the output of an

envelope detector can have only positive values. When Ip = 0, the Rice distribution

reduces to the Rayleigh distribution , well known in statistical optics [38].

The BER calculation follows the analysis of Section 4.5.1 with the only difference

that the Rice distribution needs to be used in place of the Gaussian distribution. The

BER is given by Eq. (4.5.2) or by

BER= 7 [P(0/ !)+/>( 1/0)], (10.4.14)
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where

P(0/1) p{l,h)dl,

poo

p( 1/0)= /
P(I,I0)dI.

Jid
(10.4.15)

The notation is the same as that of Section 4.5.1. In particular, Id is the decision

level and I\ and 7o are values of Ip for 1 and 0 bits. The noise is the same for all bits

(<7o = <7i = cr) because it is dominated by the local oscillator power. The integrals in

Eq. (10.4.15) can be expressed in terms of Marcum’s Q function defined as [40]

xexp
x2 + a2

Io(ocx)dx.

The result for the BER is

BER = -
2

(10.4.16)

(10.4.17)

The decision level Id is chosen such that the BER is minimum for given values

of I\, 7q, and a. It is difficult to obtain an analytic expression of Id under general

conditions. However, under typical operating conditions, 7q ~ 0, I\/o 1, and Id is

well approximated by 7i/2. The BER then becomes

BER « ^exp(-/f/8a
2

) = \ exp(-SNR/8). (10.4.18)

When the receiver noise a is dominated by the shot noise, the SNR is given by Eq.

(10.1.14). Using SNR — 2r\Np , we obtain the final result,

BER= | exp(— rjlVp/4), (10.4.19)

which should be compared with Eq. (10.4.4) obtained for the case of synchronous ASK
heterodyne receivers. Equation (10.4.19) is plotted in Fig. 10.7 with a dashed line. It

shows that the BER is larger in the asynchronous case for the same value of r\Np .

However, the difference is so small that the receiver sensitivity at a BER of 10
~9

is

degraded by only about 0.5 dB. If we assume that rj = 1, Eq. (10.4.19) shows that

BER = 10~ 9
for Np = 80 (Np = 72 for the synchronous case). Asynchronous receivers

hence provide performance comparable to that of synchronous receivers and are often

used in practice because of their simpler design.

10.4.5 Asynchronous FSK Receivers

Although a single-filter heterodyne receiver can be used for FSK, it has the disad-

vantage that one-half of the received power is rejected, resulting in an obvious 3-dB

penalty. For this reason, a dual-filter FSK receiver [see Fig. 10.6(a)] is commonly em-

ployed in which 1 and 0 bits pass through separate filters. The output of two envelope

detectors are subtracted, and the resulting signal is used by the decision circuit. Since

the average current takes values Ip and —Ip for 1 and 0 bits, the decision threshold is

set in the middle (Id = 0). Let 7 and V be the currents generated in the upper and lower
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branches of the dual filter receiver, where both of them include noise currents through

Eq. (10.4.12). Consider the case in which 1 bits are received in the upper branch. The

current I is then given by Eq. (10.4.12) and follows a Rice distribution with I p = I\

in Eq. (10.4.13). On the other hand, I' consists only of noise and its distribution is

obtained by setting Ip = 0 in Eq. (10.4.13). An error is made when I' > /, as the signal

is then below the decision level, resulting in

P{0/1) /

OO

p(l',0)dl' dl
,

(10.4.20)

where the inner integral provides the error probability for a fixed value of I and the

outer integral sums it over all possible values of I. The probability P( 1 /0) can be

obtained similarly. In fact, P(l/0) = P(0/1) because of the symmetric nature of a

dual-filter receiver.

The integral in Eq. (10.4.20) can be evaluated analytically. By using Eq. (10.4.13)

in the inner integral with Ip = 0, it is easy to verify that

jT P(l',0)dl' = exp (-^2) • (10.4.21)

By using Eqs. (10.4.14), (10.4.20), and (10.4.21) with P(l/0) = P(0/1), the BER is

given by

BER = / —r exp
JO G2

f±If
2g 2 /o dl

,
(10.4.22)

where p(I,Ip )
was substituted fromEq. (10.4.13). By introducing the variablex= y/2I,

Eq. (10.4.22) can be written as

BER = i exp
4a 2

J Jo g
-9 exP

x2 +/r/2~

2o 2
Io

G

I\X

"vi
dx. (10.4.23)

The integrand in Eq. (10.4.23) is just p(x,I \/ \/T) and the integral must be 1 . The BER
is thus simply given by

BER= ^exp(—7f/4a
2
) = ^exp(—SNR/4).

By using SNR = 2r\Np from Eq. (10.1.14), we obtain the final result

BER= ^exp(— rjAp/2),

(10.4.24)

(10.4.25)

which should be compared with Eq. (10.4.11) obtained for the case of synchronous

FSK heterodyne receivers. Figure 10.7 compares the BER in the two cases. Just as

in the ASK case, the BER is larger for asynchronous demodulation. However, the

difference is small, and the receiver sensitivity is degraded by only about 0.5 dB com-

pared with the synchronous case. If we assume that rj = 1, Np = 40 at a BER of 10~ 9

(Np = 36 in the synchronous case). Np also equals 40, since the same number of pho-

tons are received during 1 and 0 bits. Similar to the synchronous case, Np is the same

for both the ASK and FSK formats.
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Table 10.2 Sensitivity of asynchronous receivers

Modulation Format Bit-Error Rate NP NP

ASK heterodyne |exp(— nVp/4) 80 40

FSK heterodyne 5 exp(— rjVp/2) 40 40

DPSK heterodyne 3 exp(~r}Np )
20 20

Direct detection 2 exp(~r\Np )
20 10

10.4.6 Asynchronous DPSK Receivers

As mentioned in Section 10.2.2, asynchronous demodulation cannot be used for PSK
signals. A variant of PSK, known as DPSK, can be demodulated by using an asyn-

chronous DPSK receiver [see Fig. 10.6(b)]. The filtered current is divided into two

parts, and one part is delayed by exactly one bit period. The product of two currents

contains information about the phase difference between the two neighboring bits and

is used by the decision current to determine the bit pattern.

The BER calculation is more complicated for the DPSK case because the signal is

formed by the product of two currents. The final result is, however, quite simple and is

given by [11]

BER = \ exp(-rtNp ). (10.4.26)

It can be obtained from the FSK result, Eq. (10.4.24), by using a simple argument which

shows that the demodulated DPSK signal corresponds to the FSK case if we replace

I\ by 21 \ and a 2 by 2a 2
[13]. Figure 10.7 shows the BER by a dashed line (the curve

marked DPSK). For rj = 1, a BER of 10"9
is obtained for Np = 20. Thus, a DPSK

receiver is more sensitive by 3 dB compared with both ASK and FSK receivers. Table

10.2 lists the BER and the receiver sensitivity for the three modulation schemes used

with asynchronous demodulation. The quantum limit of a direct-detection receiver is

also listed for comparison. The sensitivity of an asynchronous DPSK receiver is only

3 dB away from this quantum limit.

10.5 Sensitivity Degradation

The sensitivity analysis of the preceding section assumes ideal operating conditions

for a coherent lightwave system with perfect components. Many physical mechanisms

degrade the receiver sensitivity in practical coherent systems; among them are phase

noise, intensity noise, polarization mismatch, and fiber dispersion. In this section we
discuss the sensitivity-degradation mechanisms and the techniques used to improve the

performance with a proper receiver design.
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10.5.1 Phase Noise

An important source of sensitivity degradation in coherent lightwave systems is the

phase noise associated with the transmitter laser and the local oscillator. The reason

can be understood from Eqs. (10.1.5) and (10.1.7), which show the current generated

at the photodetector for homodyne and heterodyne receivers, respectively. In both

cases, phase fluctuations lead to current fluctuations and degrade the SNR. Both the

signal phase <j)s and the local-oscillator phase 0lo should remain relatively stable to

avoid the sensitivity degradation. A measure of the duration over which the laser phase

remains relatively stable is provided by the coherence time. As the coherence time

is inversely related to the laser linewidth Av, it is common to use the linewidth-to-

bit rate ratio, Av/B, to characterize the effects of phase noise on the performance of

coherent lightwave systems. Since both (j)s and
(f)lo fluctuate independently, Av is

actually the sum of the linewidths Av^ and Avlo associated with the transmitter and

the local oscillator, respectively. The quantity Av = Av^ + Avlo is often called the IF

linewidth.

Considerable attention has been paid to calculate the BER in the presence of phase

noise and to estimate the dependence of the power penalty on the ratio Av/B [41]—[55]

.

The tolerable value ofAv/B for which the power penalty remains below 1 dB depends

on the modulation format as well as on the demodulation technique. In general, the

linewidth requirements are most stringent for homodyne receivers. Although the tol-

erable linewidth depends to some extent on the design of phase-locked loop, typically

Av/B should be < 5 x 10
-4

to realize a power penalty of less than 1 dB [43]. The

requirement becomes Av/B < 1 x 10~4 if the penalty is to be kept below 0.5 dB [44].

The linewidth requirements are relaxed considerably for heterodyne receivers, es-

pecially in the case of asynchronous demodulation with the ASK or FSK modulation

format. For synchronous heterodyne receivers Av/B < 5 x 10
_3

is required [46]. In

contrast, Av/B can exceed 0.1 for asynchronous ASK and FSK receivers [49]—[52].

The reason is related to the fact that such receivers use an envelope detector (see

Fig. 10.5) that throws away the phase information. The effect of phase fluctuations

is mainly to broaden the signal bandwidth. The signal can be recovered by increasing

the bandwidth of the bandpass filter (BPF). In principle, any linewidth can be tolerated

if the BPF bandwidth is suitably increased. However, a penalty must be paid since

receiver noise increases with an increase in the BPF bandwidth. Figure 10.8 shows

how the receiver sensitivity (expressed in average number of photons/bit, Np) degrades

with Av/B for the ASK and FSK formats. The BER calculation is rather cumbersome

and requires numerical simulations [51]. Approximate methods have been developed

to provide the analytic results accurate to within 1 dB [52].

The DPSK format requires narrower linewidths compared with the ASK and FSK
formats when asynchronous demodulation based on the delay scheme [see Fig. 10.6(b)]

is used. The reason is that information is contained in the phase difference between the

two neighboring bits, and the phase should remain stable at least over the duration of

two bits. Theoretical estimates show that generally Av/B should be less than 1% to

operate with a < 1 dB power penalty [43]. For a 1-Gb/s bit rate, the required linewidth

is ^ 1 MHz but becomes < 1 MHz at lower bit rates.

The design of coherent lightwave systems requires semiconductor lasers that oper-
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Figure 10.8: Receiver sensitivity Np versus Av/B for asynchronous ASK and FSK heterodyne

receivers. The dashed line shows the sensitivity degradation for a synchronous PSK heterodyne

receiver. (After Ref. [49]; ©1988 IEEE; reprinted with permission.)

ate in a single longitudinal mode with a narrow linewidth and whose wavelength can

be tuned (at least over a few nanometers) to match the carrier frequency co o and the

local-oscillator frequency o)lo either exactly (homodyne detection) or to the required

intermediate frequency. Multisection DFB lasers have been developed to meet these

requirements (see Section 3.4.3). Narrow linewidth can also be obtained using aMQW
design for the active region of a single-section DFB laser. Values as small as 0. 1 MHz
have been realized using strained MQW lasers [56].

An alternative approach solves the phase-noise problem by designing special re-

ceivers known as phase-diversity receivers [57]—[6 1]. Such receivers use two or more

photodetectors whose outputs are combined to produce a signal that is independent of

the phase difference (j)^ = (j)s — </>lo- The technique works quite well for ASK, FSK,

and DPSK formats. Figure 10.9 shows schematically a multiport phase-diversity re-

ceiver. An optical component known as an optical hybrid combines the signal and

local-oscillator inputs and provides its output through several ports with appropriate

phase shifts introduced into different branches. The output from each port is processed

electronically and combined to provide a current that is independent of </>ip. In the case

of a two-port homodyne receiver, the two output branches have a relative phase shift

of 90°, so that the currents in the two branches vary as Ip cos^if and /^sin^ip. When
the two currents are squared and added, the signal becomes independent of 0 if. In the

case of three-port receivers, the three branches have relative phase shifts of 0, 120 °, and

240°. Again, when the currents are added and squared, the signal becomes independent

of 0IF .

The preceding concept can be extended to design receivers with four or more

branches. However, the receiver design becomes increasingly complex as more branches
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Figure 10.9: Schematic of a multiport phase-diversity receiver.

are added. Moreover, high-power local oscillators are needed to supply enough power

to each branch. For these reasons, most phase-diversity receivers use two or three

ports. Several system experiments have shown that the linewidth can approach the bit

rate without introducing a significant power penalty even for homodyne receivers [58]—

[61 ]. Numerical simulations of phase-diversity receivers show that the noise is far from

being Gaussian [62]. In general, the BER is affected not only by the laser linewidth but

also by other factors, such as the the BPF bandwidth.

10.5.2 Intensity Noise

The effect of intensity noise on the performance of direct-detection receivers was dis-

cussed in Section 4.6.2 and found to be negligible in most cases of practical interest.

This is not the case for coherent receivers [63]—[67]. To understand why intensity noise

plays such an important role in coherent receivers, we follow the analysis of Section

4.6.2 and write the current variance as

a1 = of + Gj + of, (10.5.1)

where 07 = PPlo^/ and rj is related to the relative intensity noise (RIN) of the local

oscillator as defined in Eq. (4.6.7). If the RIN spectrum is flat up to the receiver band-

width A/, rj can be approximated by 2(RIN)A/. The SNR is obtained by using Eq.

(10.5.1) in Eq. (10.1.11) and is given by

SNR =
2R2PsPlq

2q{RPLO +IdW+ Of + 2R2
Pl0 (RIN)A

/

'

(10.5.2)

The local-oscillator power should be large enough to satisfy Eq. (10.1.12) if

the receiver were to operate in the shot-noise limit. However, an increase in P^q in-

creases the contribution of intensity noise quadratically as seen from Eq. (10.5.2). If

the intensity-noise contribution becomes comparable to shot noise, the SNR would de-

crease unless the signal power Ps is increased to offset the increase in receiver noise.

This increase in Ps is just the power penalty <5/ resulting from the local-oscillator inten-

sity noise. If we neglect and oj in Eq. (10.5.2) for a receiver designed to operate in

the shot-noise limit, the power penalty (in dB) is given by the simple expression

5/ = 101og 10 [l + (rj //iv)Plo(RIN)]. (10.5.3)
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Figure 10.10: Power penalty versus RIN for several values of the local-oscillator power.

Figure 10. 10 shows 8/ as a function of RIN for several values of Plo using rj = 0.8

and hv = 0.8 eV for 1.55-jUm coherent receivers. The power penalty exceeds 2 dB

when Plo = 1 mW even for a local oscillator with a RIN of —160 dB/Hz, a value

difficult to realize for DFB semiconductor lasers. For a local oscillator with a RIN of

— 150 dB/Hz, Plo should be less than 0.1 mW to keep the power penalty below 2 dB.

The power penalty can be made negligible at a RIN of —150 dB/Hz if only 10 jUW

of local-oscillator power is used. However, Eq. (10.1.13) is unlikely to be satisfied for

such small values of Plo> and receiver performance would be limited by thermal noise.

Sensitivity degradation from local-oscillator intensity noise was observed in 1987 in

a two-port ASK homodyne receiver [63]. The power penalty is reduced for three-

port receivers but intensity noise remains a limiting factor for Plo >0.1 mW [61]. It

should be stressed that the derivation of Eq. (10.5.3) is based on the assumption that

the receiver noise is Gaussian. A numerical approach is necessary for a more accurate

analysis of the intensity noise [65]—[67].

A solution to the intensity-noise problem is offered by the balanced coherent re-

ceiver [68] made with two photodetectors [69]—[71]. Figure 10.11 shows the receiver

design schematically. A 3-dB fiber coupler mixes the optical signal with the local os-

cillator and splits the combined optical signal into two equal parts with a 90 ° relative

phase shift. The operation of a balanced receiver can be understood by considering the

photocurrents /+ and /_ generated in each branch. Using the transfer matrix of a 3-dB

coupler, the currents /+ and /_ are given by

7+ = ^P(Py + Plo) 5- R\/PvPlo cos((0\pt + (10.5.4)

I- = 2R(PS + Plo) —Ry/PvPlo cos(coif^ + 0if) ,
(10.5.5)

where 0iF = - 0lo + n/2.
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3~dB coupler

Figure 10.11: Schematic of a two-port balanced coherent receiver.

The subtraction of the two currents provides the heterodyne signal. The dc term is

eliminated completely during the subtraction process when the two branches are bal-

anced in such a way that each branch receives equal signal and local-oscillator powers.

More importantly, the intensity noise associated with the dc term is also eliminated

during the subtraction process. The reason is related to the fact that the same local

oscillator provides power to each branch. As a result, intensity fluctuations in the two

branches are perfectly correlated and cancel out during subtraction of the photocur-

rents /+ and /_. It should be noted that intensity fluctuations associated with the ac

term are not canceled even in a balanced receiver. However, their impact is less severe

on the system performance because of the square-root dependence of the ac term on

the local-oscillator power.

Balanced receivers are commonly used while designing a coherent lightwave sys-

tem because of the two advantages offered by them. First, the intensity-noise problem

is nearly eliminated. Second, all of the signal and local-oscillator power is used effec-

tively. A single-port receiver such as that shown in Fig. 10.1 rejects half of the signal

power Ps (and half of Flo) during the mixing process. This power loss is equivalent

to a 3-dB power penalty. Balanced receivers use all of the signal power and avoid

this power penalty. At the same time, all of the local-oscillator power is used by the

balanced receiver, making it easier to operate in the shot-noise limit.

10.5.3 Polarization Mismatch

The polarization state of the received optical signal plays no role in direct-detection

receivers simply because the photocurrent generated in such receivers depends only

on the number of incident photons. This is not the case for coherent receivers, whose

operation requires matching the state of polarization of the local oscillator to that of the

signal received. The polarization-matching requirement can be understood from the

analysis of Section 10.1, where the use of scalar fields Es and £lo implicitly assumed

the same polarization state for the two optical fields. If e s and £lo represent the unit

vectors along the direction of polarization of E s and Flo> respectively, the interference

term in Eq. (10.1.3) contains an additional factor cos 0, where 6 is the angle between

es and £lo- Since the interference term is used by the decision circuit to reconstruct the

transmitted bit stream, any change in 0 from its ideal value of 6 = 0 reduces the signal
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Figure 10.12: Schematic of a polarization-diversity coherent receiver.

and affects the receiver performance. In particular, if the polarization states of E s and

£lo are orthogonal to each other (0 = 90°), the signal disappears (complete fading).

Any change in 6 affects the BER through changes in the receiver current and SNR.

The polarization state <?lo of the local oscillator is determined by the laser and re-

mains fixed. This is also the case for the transmitted signal before it is launched into

the fiber. However, at the fiber output, the polarization state e s of the signal received

differs from that of the signal transmitted because of fiber birefringence, as discussed in

Section 2.2.3 in the context of single-mode fibers. Such a change would not be a prob-

lem if es remained constant with time because one could match it with e lo by simple

optical techniques. The source of the problem lies in the polarization-mode dispersion

(PMD) or the fact that es changes randomly in most fibers because of birefringence

fluctuations related to environmental changes (nonuniform stress, temperature varia-

tions, etc.). Such changes occur on a time scale ranging from seconds to microseconds.

They lead to random changes in the BER and render coherent receivers unusable unless

some scheme is devised to make the BER independent of polarization fluctuations. Al-

though polarization fluctuations do not occur in polarization-maintaining fibers, such

fibers are not used in practice because they are difficult to work with and have higher

losses than those of conventional fibers. Thus, a different solution to the polarization-

mismatch problem is required.

Several schemes have been developed for solving the polarization-mismatch prob-

lem [72]—[77]. In one scheme [72], the polarization state of the optical signal received

is tracked electronically and a feedback-control technique is used to match e lo with

es . In another, polarization scrambling or spreading is used to force e s to change ran-

domly during a bit period [73]—[76] . Rapid changes of e s are less of a problem than

slow changes because, on average, the same power is received during each bit. A third

scheme makes use of optical phase conjugation to solve the polarization problem [77].

The phase-conjugated signal can be generated inside a dispersion-shifted fiber through

four-wave mixing (see Section 7.7). The pump laser used for four-wave mixing can

also play the role of the local oscillator. The resulting photocurrent has a frequency

component at twice the pump-signal detuning that can be used for recovering the bit

stream.
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Figure 10.13: Four-port coherent DPSK receiver employing both phase and polarization diver-

sity. (After Ref. [80]; ©1987 IEE; reprinted with permission.)

The most commonly used approach solves the polarization problem by using a

two-port receiver, similar to that shown in Fig. 10.11, with the difference that the

two branches process orthogonal polarization components. Such receivers are called

polarization-diversity receivers [78]—[82] as their operation is independent of the polar-

ization state of the signal received. The polarization-control problem has been studied

extensively because of its importance for coherent lightwave systems [83]—[90].

Figure 10. 12 shows the block diagram of a polarization-diversity receiver. A polar-

ization beam splitter is used to separate the orthogonally polarized components which

are processed by separate branches of the two-port receiver. When the photocurrents

generated in the two branches are squared and added, the electrical signal becomes

polarization independent. The power penalty incurred in following this technique de-

pends on the modulation and demodulation techniques used by the receiver. In the

case of synchronous demodulation, the power penalty can be as large as 3 dB [85].

However, the penalty is only 0.4-0.6 dB for optimized asynchronous receivers [78].

The technique of polarization diversity can be combined with phase diversity to

realize a receiver that is independent of both phase and polarization fluctuations of

the signal received [91]. Figure 10.13 shows such a four-port receiver having four

branches, each with its own photodetector. The performance of such receivers would

be limited by the intensity noise of the local oscillator, as discussed in Section 10.5.2.

The next step consists of designing a balanced phase- and polarization-diversity re-

ceiver by using eight branches with their own photodetectors. Such a receiver has been

demonstrated using a compact bulk optical hybrid [92]. In practical coherent systems, a

balanced, polarization-diversity receiver is used in combination with narrow-linewidth

lasers to simplify the receiver design, yet avoid the limitations imposed by intensity

noise and polarization fluctuations.

10.5.4 Fiber Dispersion

Section 5.4 discussed how fiber dispersion limits the bit-rate-distance product (BL) of

direct-detection (IM/DD) systems. Fiber dispersion also affects the performance of
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Figure 10.14: Dispersion-induced power penalty as a function of the dimensionless parameter

|/32 |£
2L for several modulation formats. The dashed line shows power penalty for a direct-

detection system. (After Ref. [95]; ©1988 IEEE; reprinted with permission.)

coherent systems although its impact is less severe than for IM/DD systems [93]—[97].

The reason is easily understood by noting that coherent systems, by necessity, use a

semiconductor laser operating in a single longitudinal mode with a narrow linewidth.

Frequency chirping is avoided by using external modulators. Moreover, it is possible

to compensate for fiber dispersion (see Section 7.2) through electronic equalization

techniques in the IF domain [98].

The effect of fiber dispersion on the transmitted signal can be calculated by using

the analysis of Section 2.4. In particular, Eq. (2.4.15) can be used to calculate the

optical field at the fiber output for any modulation technique. The power penalty has

been calculated for various modulation formats [95] through numerical simulations

of the eye degradation occurring when a pseudo-random bit sequence is propagated

through a single-mode fiber and demodulated by using a synchronous or asynchronous

receiver. Figure 10.14 shows the power penalty as a function of the dimensionless

parameter combination \/32\B
2L for several kinds of modulation formats. The dashed

line shows, for comparison, the case of an IM/DD system. In all cases, the low-pass

filter (before the decision circuit) is taken to be a second-order Butterworth filter [99],

with the 3-dB bandwidth equal to 65% of the bit rate.

As seen in Fig. 10.14, fiber dispersion affects the performance of a coherent light-

wave system qualitatively in the same way for all modulation formats, although quan-

titative differences do occur. The power penalty increases most rapidly for CPFSK
and MSK formats, for which tone spacing is smaller than the bit rate. In all cases

system performance depends on the product B 2L rather than BL. One can estimate
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the limiting value of B 2L by noting that the power penalty can be reduced to below

1 dB in most cases if the system is designed such that \p2 \B
2L <0.1. For standard

fibers with = —20 ps
2/km near 1.55 gm, B2L is limited to 5000 (Gb/s)

2-km, and L
should be <50 km at B = 10 Gb/s. Clearly, dispersion becomes a major limiting factor

for systems designed with standard fibers when transmission distance is increased us-

ing optical amplifiers. Dispersion management would solve this problem. Electronic

equalization can be used for compensating dispersion in coherent systems [100]. The

basic idea is to pass the intermediate-frequency signal through a filter whose transfer

function is the inverse of the transfer function associated with the fiber (see Section

7.2). It is also possible to compensate fiber dispersion through optical techniques such

as dispersion management (101]. PMD then becomes a limiting factor for long-haul

coherent systems [ 102]—[104].

10.5.5 Other Limiting Factors

Several other factors can degrade the performance of coherent lightwave systems and

should be considered during system design. Reflection feedback is one such limiting

factor. The effect of reflection feedback on IM/DD systems has been discussed in

Section 5.4.5. Essentially the same discussion applies to coherent lightwave systems.

Any feedback into the laser transmitter or the local oscillator must be avoided as it can

lead to linewidth broadening or multimode operation of the semiconductor laser, both

of which cannot be tolerated for coherent systems. The use of optical isolators within

the transmitter may be necessary for controlling the effects of optical feedback.

Multiple reflections between two reflecting surfaces along the fiber cable can con-

vert phase noise into intensity noise and affect system performance as discussed in

Section 5.4.5. For coherent systems such conversion can occur even inside the re-

ceiver, where short fiber segments are used to connect the local oscillator to other re-

ceiver components, such as an optical hybrid (see Fig. 10.10). Calculations for phase-

diversity receivers show that the reflectivity of splices and connectors should be below

—35 dB under typical operating conditions [105]. Such reflection effects become less

important for balanced receivers, where the impact of intensity noise on receiver per-

formance is considerably reduced. Conversion of phase noise into intensity noise can

occur even without parasitic reflections. However, the power penalty can be reduced

to below 0.5 dB by ensuring that the ratio Av/B is below 20% in phase diversity ASK
receivers ( 106].

Nonlinear effects in optical fibers discussed in Section 2.6 also limit the coher-

ent system, depending on the optical power launched into the fiber [107]. Stimulated

Raman scattering is not likely to be a limiting factor for single-channel coherent sys-

tems but becomes important for multichannel coherent systems (see Section 7.3.3). On
the other hand, stimulated Brillouin scattering (SBS) has a low threshold and can af-

fect even single-channel coherent systems. The SBS threshold depends on both the

modulation format and the bit rate, and its effects on coherent systems have been stud-

ied extensively [108]— [ 110]. Nonlinear refraction converts intensity fluctuations into

phase fluctuation through self- (SPM) and cross-phase modulation (XPM) [107]. The

effects of SPM become important for long-haul systems using cascaded optical am-

plifiers [111]. Even XPM effects become significant in coherent FSK systems [112].
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Four-wave mixing also becomes a limiting factor for WDM coherent systems [113]

and need to be controlled employing high-dispersion locally but keeping the average

dispersion low through dispersion management.

10.6 System Performance

A large number of transmission experiments were performed during the 1980s to demon-

strate the potential of coherent lightwave systems. Their main objective was to show

that coherent receivers are more sensitive than IM/DD receivers. This section focuses

on the system performance issues while reviewing the state of the art of coherent light-

wave systems.

10.6.1 Asynchronous Heterodyne Systems

Asynchronous heterodyne systems have attracted the most attention in practice simply

because the linewidth requirements for the transmitter laser and the local oscillator are

so relaxed that standard DFB lasers can be used. Experiments have been performed

with the ASK, FSK, and DPSK modulation formats [114]—[116], An ASK experi-

ment in 1990 showed a baseline sensitivity (without the fiber) of 175 photons/bit at

4 Gb/s [116]. This value is only 10.4 dB away from the quantum limit of 40 pho-

tons/bit obtained in Section 10.4.4. The sensitivity degraded by only 1 dB when the

signal was transmitted through 160 km of standard fiber with D & 17 ps/(nm-km). The

system performance was similar when the FSK format was used in place of ASK. The

frequency separation (tone spacing) was equal to the bit rate in this experiment.

The same experiment was repeated with the DPSK format using a LiNbC>3 phase

modulator [116]. The baseline receiver sensitivity at 4 Gb/s was 209 photons/bit and

degraded by 1.8 dB when the signal was transmitted over 160 km of standard fiber.

Even better performance is possible for DPSK systems operating at lower bit rates. A
record sensitivity of only 45 photons/bit was realized in 1986 at 400 Mb/s [114]. This

value is only 3.5 dB away from the quantum limit of 20 photons/bit. For compari-

son, the receiver sensitivity of IM/DD receivers is such that Np typically exceeds 1000

photons/bit even when APDs are used.

DPSK receivers have continued to attract attention because of their high sensitivity

and relative ease of implementation [ 1 17]— [ 125]. The DPSK signal at the transmitter

can be generated through direct modulation of a DFB laser [117]. Demodulation of

the DPSK signal can be done optically using a Mach-Zehnder interferometer with a

one-bit delay in one arm, followed by two photodetectors at each output port of the

interferometer. Such receivers are called direct-detection DPSK receivers because they

do not use a local oscillator and exhibit performance comparable to their heterodyne

counterparts (118]. In a 3-Gb/s experiment making use of this scheme, only 62 pho-

tons/bit were needed by an optically demodulated DPSK receiver designed with an

optical preamplifier [119]. In another variant, the transmitter sends a PSK signal but

the receiver is designed to detect the phase difference such that a local oscillator is not

needed [120]. Considerable work has been done to quantify the performance of various



508 CHAPTER 10. COHERENTLIGHTWAVE SYSTEMS

DPSK and FSK schemes through numerical models that include the effects of phase

noise and the preamplifier noise
[
121]—[125].

Asynchronous heterodyne schemes have also been used for long-haul coherent sys-

tems using in-line optical amplifiers for increasing the transmission distance. A 1991

experiment realized a transmission distance of 2223 km at 2.5 Gb/s by using 25 erbium-

doped fiber amplifiers at approximately 80-km intervals [126]. The performance of

long-haul coherent systems is affected by the amplifier noise as well as by the non-

linear effects in optical fibers. Their design requires optimization of many operating

parameters, such as amplifier spacing, launch power, laser linewidth, IF bandwidth,

and decision threshold ( 127]—[129]. In the case of WDM systems, the use of DPSK
can reduce the XPM-induced interaction among channels and improve the system per-

formance [130].

10.6.2 Synchronous Heterodyne Systems

As discussed in Section 10.4, synchronous heterodyne receivers are more sensitive than

asynchronous receivers. They are also more difficult to implement as the microwave

carrier must be recovered from the received data for synchronous demodulation. Since

the sensitivity advantage is minimal (less than 0.5 dB) for ASK and FSK formats (com-

pare Tables 10.1 and 10.2), most of the laboratory experiments have focused on the

PSK format [13 1]—[135] for which the receiver sensitivity is only 18 photons/bit. A
problem with the PSK format is that the carrier is suppressed when the phase shift

between 1 and 0 bits is exactly 180° because the transmitted power is then entirely

contained in the modulation sidebands. This feature poses a problem for carrier re-

covery. A solution is offered by the pilot-carrier scheme in which the phase shift is

reduced below 180° (typically 150-160°) so that a few percent of the power remains in

the carrier and can be used for synchronous demodulation at the receiver.

Phase noise is a serious problem for synchronous heterodyne receivers. As dis-

cussed in Section 10.5.1, the ratio Av/B must be less than 5 x 10
_3

, where Av =
AVj + Avlo is the IF linewidth. For bit rates below 1 Gb/s, the laser linewidth should

be less than 2 MHz. External-cavity semiconductor lasers are often used in the syn-

chronous experiments, as they can provide linewidths below 0. 1 MHz. Several exper-

iments have been performed using diode-pumped Nd:YAG lasers [131]—[133], which

operate at a fixed wavelength near 1.32 gm but provide linewidths as small as 1 kHz.

In one experiment, the bit rate was 4 Gb/s, but the receiver sensitivity of 631 pho-

tons/bit was 15.4 dB away from the quantum limit of 18 photons/bit, mainly because

of the residual thermal noise and the intensity noise as a balanced configuration was not

used [133]. The receiver sensitivity could be improved to 235 photons/bit at a lower

bit rate of 2 Gb/s. This sensitivity is still not as good as that obtained for asynchronous

heterodyne receivers. The performance of multichannel heterodyne systems has also

been analyzed [134].

10.6.3 Homodyne Systems

As seen in Table 10.1, homodyne systems with the PSK format offer the best re-

ceiver sensitivity as they require, in principle, only 9 photons/bit. Implementation
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Figure 10.15: BER curves for a 4-Gb/s PSK homodyne transmission experiment with 5 m
(empty squares) and 167 km (filled squares) of fiber. The quantum limit is shown for com-

parison. The inset shows the eye diagram after 167 km of fiber at —44 dBm received power.

(After Ref. [145]; ©1990 IEEE; reprinted with permission.)

of such systems requires an optical phase-locked loop [136]—[141]. Many transmis-

sion experiments have shown the potential of PSK homodyne systems using He-Ne
lasers, Nd:YAG lasers, and semiconductor lasers [142]-[150]. The receiver sensitivity

achieved in these experiments depends on the bit rate. At a relatively low bit rate of

140 Mb/s, receiver sensitivities of 26 photons/bit at 1.52 gm [143] and 25 photons/bit

at 1.32 jUm [144] have been obtained using He-Ne and Nd:YAG lasers, respectively.

In a 1992 experiment, a sensitivity of 20 photons/bit at 565 Mb/s was realized using

synchronization bits for phase locking [147]. These values, although about 4 dB away

from the quantum limit of 9 photons/bit, illustrate the potential of homodyne systems.

In terms of the bit energy, 20 photons at 1.52 fim correspond to an energy of only 3

attojoules!

The sensitivity of PSK homodyne receivers decreases as the bit rate increases. A
sensitivity of 46 photons/bit was found in a 1-Gb/s experiment that used external-cavity

semiconductor lasers operating near 1.5 jim and transmitted the signal over 209 km of

a standard fiber [142]. Dispersion penalty was negligible (about 0.1 dB) in this experi-

ment, as expected from Fig. 10.15. In another experiment, the bit rate was extended to

4 Gb/s [145]. The baseline receiver sensitivity (without the fiber) was 72 photons/bit.

When the signal was transmitted over 167 km of standard single-mode fiber, the re-

ceiver sensitivity degraded by only 0.6 dB (83 photons/bit), indicating that dispersion

was not a problem even at 4 Gb/s. Figure 10.15 shows the BER curves obtained in this

experiment with and without the fiber together with the eye diagram (inset) obtained

after 167 km of fiber. Another experiment increased the bit rate to 10 Gb/s by us-
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ing a 1.55-jUm external-cavity DFB laser whose output was phase-modulated through

a LiNb03 external modulator [146]. The receiver sensitivity at 10 Gb/s was 297 pho-

tons/bit. The signal was transmitted through 151 km of dispersion-shifted fiber without

any dispersion-induced power penalty.

Long-haul homodyne systems use optical amplifiers for compensating fiber losses

together with a dispersion-compensation scheme. In a 1993 experiment, a 6-Gb/s PSK
signal was transmitted over 270 km using multiple in-line amplifiers [149]. A mi-

crostrip line was used as a delay equalizer (see Section 7.2) for compensating the fiber

dispersion. Its use was feasible because of the implementation of the single-sideband

technique. In a later experiment, the bit rate was extended to 10 Gb/s by using the

vestigial-sideband technique [150]. The 1.55-jUm PSK signal could be transmitted over

126 km of standard telecommunication fiber with dispersion compensation provided

by a 10-cm microstrip line. The design of long-haul homodyne systems with in-line

amplifiers requires consideration of many factors such as phase noise, shot noise, im-

perfect phase recovery, and amplifier noise. Numerical simulations are often used to

optimize the system performance [151]—[154].

10.6.4 Current Status

Any new technology must be tested through field trials before it can be commercial-

ized. Several field trials for coherent lightwave systems were carried out in the early

1990s [155]—[161]. In all cases, an asynchronous heterodyne receiver was used be-

cause of its simplicity and not-so-stringent linewidth requirements. The modulation

format of choice was the CPFSK format. This choice avoids the use of an external

modulator, thereby simplifying the transmitter design. Furthermore, the laboratory ex-

periments have shown that high-sensitivity receivers can be designed at bit rates as high

as 10 Gb/s. A balanced polarization-diversity heterodyne receiver is used to demodu-

late the transmitted signal.

Field trials have included testing of both land- and sea-based telecommunication

systems. In the case of one submarine trial [159], the system was operated at 560 Mb/s

with the CPFSK format over 90 km of fiber cable. In another submarine trial [160],

the system was operated at 2.5 Gb/s with the CPFSK format over fiber lengths of up to

431 km by using regenerators. Both trials showed that the use of polarization-diversity

receivers is essential for practical coherent systems. In addition, the receiver incorpo-

rated electronic circuitry for automatic gain and frequency controls.

In spite of the successful field trials, coherent lightwave systems had not reached

the commercial stage in 2002. As mentioned earlier, the main reason is related to

the success of the WDM technology with the advent of the erbium-doped fiber am-

plifiers. A second reason can be attributed to the complexity of coherent transmitters

and receivers. The integration of these components on a single chip should address the

reliability concerns. Considerable development effort was directed in the 1990s toward

designing optoelectronic integrated circuits (OEICs) for coherent lightwave systems

[ 162]— [ 170] . By 1994, a balanced, polarization-diversity heterodyne receiver contain-

ing four photodiodes and made by using the InP/InGaAsP material system, exhibited a

bandwidth in excess of 10 GHz [164]. A tunable local oscillator can also be integrated

on the same chip. Such a tunable polarization diversity heterodyne OEIC receiver was
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used in a 140-Mb/s system experiment, intended mainly for video distribution [165].

A balanced heterodyne OEIC receiver with a 9-GHz bandwidth was fabricated in 1996

by integrating a local oscillator and two photodiodes with a 3-dB coupler [168]. The

coherent techniques may turn out to be more suitable for multichannel access networks

for which bit rates per channel are relatively low but number of channels can be quite

large [161]. An integrated transceiver suitable for bidirectional access networks has

been developed for such applications [170].

Problems

10.1 Prove the 3-dB advantage of homodyne detection by showing that the average

electrical power generated by a coherent receiver is twice as large for homodyne

detection as for heterodyne detection under identical operating conditions.

10.2 Derive an expression for the SNR of a homodyne receiver by taking into account

both the shot noise and the thermal noise.

10.3 Consider a 1 .55-jUm heterodyne receiver with a p-i-n photodiode of 90% quan-

tum efficiency connected to a 50-Q load resistance. How much local-oscillator

power is needed to operate in the shot-noise limit? Assume that shot-noise limit

is achieved when the thermal-noise contribution at room temperature to the noise

power is below 1%.

10.4 Prove that the SNR of an ideal PSK homodyne receiver (perfect phase locking

and 100% quantum efficiency) approaches 4Np , where Np is the average number

of photons/bit. Assume that the receiver bandwidth equals half the bit rate and

that the receiver operates in the shot-noise limit.

10.5 Show how an electro-optic material such as LiNbC>3 can be used for generating

optical bit streams with ASK, PSK, and FSK modulation formats. Use diagrams

as necessary.

10.6 A 1.55-jUm DFB laser is used for the FSK modulation at 100 Mb/s with a tone

spacing of 300 MHz. The modulation efficiency is 500 MHz/mA and the dif-

ferential quantum efficiency equals 50% at the bias level of 3 mW. Estimate the

power change associated with FSK by assuming that the two facets emit equal

powers.

10.7 Derive an expression for the BER of a synchronous heterodyne ASK receiver by

assuming that the in-phase noise component i c has a probability density function

P(ic) = —
'

t? exp
Gy 2

Determine the SNR required to achieve a BER of 10

~

9
.

10.8 Calculate the sensitivity (in dBm units) of a homodyne ASK receiver operating at

1 .55 pm in the shot-noise limit by using the SNR expression obtained in Problem

10.2. Assume that rj = 0.8 and A/ = 1 GHz. What is the receiver sensitivity

when the PSK format is used in place of ASK?
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Derive the Rice distribution [Eq. (10.4.13)] for the signal current I given Eq.

(10.4. 12) for an asynchronous heterodyneASK receiver. Assume that both quadra-

ture components of noise obey Gaussian statistics with standard deviation a.

10.10 Show that the BER of an asynchronous heterodyne ASK receiver [Eq. (10.4. 17)]

can be approximated as

BER= |exp[-/f/(8a
2

)]

when I\/g 1 and /o = 0. Assume that Id = I\ /2.

10.11 Asynchronous heterodyne FSK receivers are commonly used for coherent light-

wave systems. What is the SNR required by such receivers to operate at a BER
of 10

-9
? Calculate the receiver sensitivity (in dBm units) at 2 Gb/s in the shot-

noise limit by assuming 1.2-GHz receiver bandwidth, 80% quantum efficiency,

and a 1.55-/im operating wavelength.

10.12 Derive an expression for the SNR in terms of the intensity noise parameter r/

by including intensity noise through Eq. (10.5.1). Prove that the optimum value

of Plo at which the SNR is maximum is given by Plo = Ot/ (Pu) when the

dark-current contribution to the shot noise is neglected.

10.13 Derive an expression for the power penalty as a function of r / by using the SNR
obtained in Problem 10.12.

10.14 Consider an optical carrier whose amplitude and frequency are constant but

whose phase is modulated sinusoidally as (j)(t
)
= 0osin((Om t). Show that the

amplitude becomes modulated during propagation inside the fiber because of

fiber dispersion.

10.15 Discuss the effect of laser linewidth on coherent communication systems. Why
is the homodyne PSK receiver most sensitive to phase fluctuations? How is this

sensitivity reduced for asynchronous heterodyne receivers?
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Appendix A

System of Units

The international system of units (known as the SI, short for Systeme International) is

used in this book. The three fundamental units in the SI are meter (m), second (s), and

kilogram (kg). A prefix can be added to each of them to change its magnitude by a

multiple of 10. Mass units are rarely required in this book. Most common measures

of distance used are km (10
3 m) and Mm (10

6 m). On the other hand, common time

measures are ns (10~ 9
s), ps (10

-12
s), and fs (10

-15
s). Other common units in this

book are Watt (W) for optical power and W/m 2
for optical intensity. They can be related

to the fundamental units through energy because optical power represents the rate of

energy flow (1 W = 1 J/s). The energy can be expressed in several other ways using

E = hv = kpT = me2
, where h is the Planck constant, kp is the Boltzmann constant, and

c is the speed of light. The frequency v is expressed in hertz (1 Hz= 1 s
-1

). Of course,

because of the large frequencies associated with the optical waves, most frequencies in

this book are expressed in GHz or THz.

In the design of optical communication systems the optical power can vary over

several orders of magnitude as the signal travels from the transmitter to the receiver.

Such large variations are handled most conveniently using decibel units, abbreviated

dB, commonly used by engineers in many different fields. Any ratio R can be converted

into decibels by using the general definition

R (in dB) = 10 log
10
R. (A.l)

The logarithmic nature of the decibel allows a large ratio to be expressed as a much

smaller number. For example, 10 9 and 10
-9

correspond to 90 dB and —90 dB, respec-

tively. Since R = 1 corresponds to 0 dB, ratios smaller than 1 are negative in the decibel

system. Furthermore, negative ratios cannot be written using decibel units.

The most common use of the decibel scale occurs for power ratios. For instance,

the signal-to-noise ratio (SNR) of an optical or electrical signal is given by

SNR= 101og 10 (Ps//V), (A.2)

where Ps and PV are the signal and noise powers, respectively. The fiber loss can also

be expressed in decibel units by noting that the loss corresponds to a decrease in the
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optical power during transmission and thus can be expressed as a power ratio. For

example, if a 1-mW signal reduces to 1 juW after transmission over 100 km of fiber,

the 30-dB loss over the entire fiber span translates into a loss of 0.3 dB/km. The same

technique can be used to define the insertion loss of any component. For instance,

a 1-dB loss of a fiber connector implies that the optical power is reduced by 1 dB

(by about 20%) when the signal passes through the connector. The bandwidth of an

optical filter is defined at the 3-dB point, corresponding to 50% reduction in the signal

power. The modulation bandwidth of ight-emitting diodes (LEDs) in Section 3.2 and

of semiconductor lasers in Section 3.5 is also defined at the 3-dB point, at which the

modulated powers drops by 50%.

Since the losses of all components in a fiber-optic communication systems are ex-

pressed in dB, it is useful to express the transmitted and received powers also by using

a decibel scale. This is achieved by using a derived unit, denoted as dBm and defined

as

power (in dBm) = 10 log 10 (y^^), (A.3)

where the reference level of 1 mW is chosen simply because typical values of the

transmitted power are in that range (the letter m in dBm is a reminder of the 1-mW
reference level). In this decibel scale for the absolute power, 1 mW corresponds to

0 dBm, whereas powers below 1 mW are expressed as negative numbers. For example,

a 10-jUW power corresponds to —20 dBm. The advantage of decibel units becomes

clear when the power budget of lightwave systems is considered in Chapter 5. Because

of the logarithmic nature of the decibel scale, the power budget can be made simply by

subtracting various losses from the transmitter power expressed in dBm units.
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Appendix B

Acronyms

Each scientific field has its own jargon, and the field of optical communications is not

an exception. Although an attempt was made to avoid extensive use of acronyms, many

still appear throughout the book. Each acronym is defined the first time it appears in a

chapter so that the reader does not have to search the entire text to find its meaning. As

a further help, we list all acronyms here, in alphabetical order.

ac alternating current

AM amplitude modulation

AON all-optical network

APD avalanche photodiode

ASE amplified spontaneous emission

ASK amplitude-shift keying

ATM asynchronous transfer mode

AWG arrayed-waveguide grating

BER bit-error rate

BH buried heterostructure

BPF bandpass filter

CATV common-antenna (cable) television

CDM code-division multiplexing

CDMA code-division multiple access

CNR carrier-to-noise ratio

CPFSK continuous-phase frequency-shift keying

CRZ chirped return-to-zero

CSMA carrier-sense multiple access

CSO composite second-order

CVD chemical vapor deposition

CW continuous wave

CTB composite triple beat

DBR distributed Bragg reflector

dc direct current

DCF dispersion-compensating fiber
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DDF dispersion-decreasing fiber

DFB distributed feedback

DGD differential group delay

DIP dual in-line package

DM dispersion-managed

DPSK differential phase-shift keying

EDFA erbium-doped fiber amplifier

FDDI fiber distributed data interface

FDM frequency-division multiplexing

FET field-effect transistor

FM frequency modulation

FP Fabry-Perot

FSK frequency-shift keying

FWHM full-width at half-maximum

FWM four-wave mixing

GVD group-velocity dispersion

HBT heterojunction-bipolar transistor

HDTV high-definition television

HEMT high-electron-mobility transistor

HFC hybrid fiber-coaxial

HIPPI high-performance parallel interface

IC integrated circuit

IF intermediate frequency

IMD intermodulation distortion

IM/DD intensity modulation with direct detection

IMP intermodulation product

IP Internet protocol

ISDN integrated services digital network

ISI intersymbol interference

ITU International Telecommunication Union

LAN local-area network

LEAF large effective-area fiber

LED light-emitting diode

LO local oscillator

LPE liquid-phase epitaxy

LPF low-pass filter

MAN metropolitan-area network

MBE molecular-beam epitaxy

MCVD modified chemical vapor deposition

MEMS micro-electro-mechanical system

MOCVD metal-organic chemical vapor deposition

MONET multiwavelength optical network

MPEG motion-picture entertainment group

MPN mode-partition noise

MQW multiquantum well

MSK minimum-shift keying
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MSM metal-semiconductor-metal

MSR mode-suppression ratio

MTTF mean time to failure

MZ Mach-Zehnder

NA numerical aperture

NEP noise-equivalent power

NLS nonlinear Schrodinger

NOLM nonlinear optical-loop mirror

NRZ nonreturn to zero

NSE nonlinear Schrodinger equation

NSDSF nonzero-dispersion-shifted fiber

OC optical carrier

OEIC opto-electronic integrated circuit

OOK on-off keying

OPC optical phase conjugation

OTDM optical time-division multiplexing

OVD outside-vapor deposition

OXC optical cross-connect

PCM pulse-code modulation

PDF probability density function

PDM polarization-division multiplexing

P-I power-current

PIC photonic integrated circuit

PM phase modulation

PMD polarization-mode dispersion

PON passive optical network

PSK phase-shift keying

PSP principal state of polarization

QAM quadrature amplitude modulation

RDF reverse-dispersion fiber

RF radio frequency

RIN relative intensity noise

RMS root-mean-square

RZ return to zero

SAGCM separate absorption, grading, charge, and multiplication

SAGM separate absorption, grading, and multiplication

SAM separate absorption and multiplication

SBS stimulated Brillouin scattering

SCM subcarrier multiplexing

SDH synchronous digital hierarchy

SI Systeme International

SLM single longitudinal mode

SNR signal-to-noise ratio

SOA semiconductor optical amplifier

SONET synchronized optical network

SPM self-phase modulation
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SRS stimulated Raman scattering

SSFS soliton self-frequency shift

STM synchronous transport module

STS synchronous transport signal

TCP transmission control protocol

TDM time-division multiplexing

TE transverse electric

TM transverse magnetic

TOAD terahertz optical asymmetric demultiplexer

TOD third-order dispersion

TW traveling wave

VAD vapor-axial deposition

VCSEL vertical-cavity surface-emitting laser

VPE vapor-phase epitaxy

VSB vestigial sideband

WAN wide-area network

WDM wavelength-division multiplexing

WDMA wavelength-division multiple access

WGR waveguide-grating router

XPM cross-phase modulation

YAG yttrium aluminium garnet

YIG yttrium iron garnet

ZDWL zero-dispersion wavelength
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Appendix C

General Formula for Pulse

Broadening

The discussion of pulse broadening in Section 2.4 assumes the Gaussian-shape pulses

and includes dispersive effects only up to the third order. In this appendix, a general

formula is derived that can be used for pulses of arbitrary shape. Moreover, it makes

no assumption about the dispersive properties of the fiber and can be used to include

dispersion to any order. The basic idea behind the derivation consists of the observation

that the pulse spectrum does not change in a linear dispersive medium irrespective of

what happens to the pulse shape. It is thus better to calculate the changes in the pulse

width in the spectral domain.

For pulses of arbitrary shapes, a measure of the pulse width is provided by the

quantity o2 = (t
2
)
— (t)

2
, where the first and second moments are calculated using the

pulse shape as indicated in Eq. (2.4.21). These moments can also be defined in terms

of the pulse spectrum as

/
oo * noo

t\A(z,t)\
2
dt = — A*(z,co)Aa (z,(o)dco, (C.l)

-oo IK J-oo

/

oo
J

/»oo

t
2
\A(z,t)\

2
dt = — |AW (S,®)|

2^, (C.2)
-oo Ik j- oo

where A(z,co) is the Fourier transform of A(z,t) and the subscript co denotes partial

derivative with respect to co. For simplicity of discussion, we normalize A and A such

that

/

OO 1 f‘ oo

\A(z,t)\
2
dt = — \A{z,m)\

2 dm = 1. (C.3)
-oo Ik J-oo

As discussed in Section 2.4, when nonlinear effects are negligible, different spectral

components propagate inside the fiber according to the simple relation

A(z,co) = A(0,m)exp(/j3z) = [S(co)e
ie
]exp(if3z), (C.4)

where S(co) represents the spectrum of the input pulse and 6(co) accounts for the ef-

fects of input chirp. As seen in Eq. (2.4.13), the spectrum of chirped pulses acquires
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a frequency-dependent phase. The propagation constant /3 depends on frequency be-

cause of dispersion. It can also depend on z when dispersion management is used or

when fiber parameters such as the core diameter are not uniform along the fiber.

If we substitute Eq. (C.4) in Eqs. (C.l) and (C.2), perform the derivatives as indi-

cated, and calculate <7
2 = (t

2
)
— (t)

2
, we obtain

a 2 = cr0
2 + [(t

2
)
- (t)

2

]
+ 2[(T0ra )

- (T)(0a>)], (C.5)

where the angle brackets now denote average over the input pulse spectrum such that

j

r°°

(f)
= —J J(co)\S(co)\

2
dco. (C.6)

In Eq. (C.5), Oq is the root-mean-square (RMS) width of input pulses, Ow = dQ /dco,

and t is the group delay defined as

dp(z,a>)

dco
dz (C.l)

for a fiber of length L. Equation (C.5) can be used for pulses of arbitrary shape, width,

and chirp. It makes no assumption about the form of /3 (z, co) and thus can be used for

dispersion-managed fiber links containing fibers with arbitrary dispersion characteris-

tics.

As a simple application of Eq. (C.5), one can use it to derive Eq. (2.4.22). Assuming

uniform dispersion and expanding /3 (z, co) to third-order in co , the group delay is given

by

t(co) = (/3i + /32®+5ftft)
2
)L. (C.8)

For a chirped Gaussian pulse, Eq. (2.4.13) provides the following expressions for S and

6:

S(ffl)

4nT^

1+C2
exp

0)2 Tp

2(1 + C2
)_

,
0(co)

C(02 Tq

2(1 +C2
)

— tan C. (C.9)

The averages in Eq. (C.5) can be performed analytically using Eqs. (C.8) and (C.9) and

result in Eq. (2.4.22).

As another application of Eq. (C.5), consider the derivation of Eq. (2.4.23) that

includes the effects of a wide source spectrum. For such a pulse, the input field can

be written as A(0,c) = Ao(t)f(t), where f(t) represents the pulse shape and Ao(t) is

fluctuating because of the partially coherent nature of the source. The spectrum S(co)

now becomes a convolution of the pulse spectrum and the source spectrum such that

S(co) = ^-l Sp(co-

(

0\)F((0\)d(0\, (C.10)
JLTC J —oo

where Sp is the pulse spectrum and F(cos )
is the fluctuating field spectral component at

the source with the correlation function of the form

(F*(CD\)F((Q2))s = G(C0i)8(C0i - (02 ). (C.ll)
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The quantity G(co) represents the source spectrum. The subscript s in Eq. (C.l 1) is a

reminder that the angle brackets now denote an ensemble average over the field fluctu-

ations.

The moments (t) and
(
t
2
)
are now replaced by {{t)) s and {(t

2
)) s where the outer

angle brackets stand for the ensemble average over field fluctuations. Both of them

can be calculated in the special case in which the source spectrum is assumed to be

Gaussian, i.e.,

G(co) =
1

cj,coV2k
exp

co"

2a 2
(C.l 2)

where Go is the RMS spectral width of the source. For example,

/
oo poo

x{(o)(\S((o)\
2
) s d(o-i / (,S*((o)Sa,((o} s dco

-oo J—oo

= L
j

j

(J3i +j32CO+^j33 co
2
)|5p (co-coi)|

2
G(coi)c/coic/co (C.13)

Since both the pulse spectrum and the source spectrum are assumed to be Gaussian, the

integral over coi can be performed first, resulting in another Gaussian spectrum. The

integral over co is then straightforward in Eq. (C.13) and yields

((t))s = L /3l+^(1+c2+v“ ) ’
(C.14)

where Vo = 2Oo^o- Repeating the same procedure for ((t
2
)) s , we recover Eq. (2.4.13)

for the ratio o/oq.
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Appendix D

Ultimate System Capacity

With the advent of wavelength-division multiplexing (WDM) technology, lightwave

systems with a capacity of more than 1 Tb/s have become available commercially.

Moreover, system capacities in excess of 10 Tb/s have been demonstrated in several

laboratory experiments. Every communication channel has a finite bandwidth, and

optical fibers are no exception to this general rule. One may thus ask: What is the

ultimate capacity of a fiber-optic communication system? This appendix focuses on

this question.

The performance of any communication system is ultimately limited by the noise

of the received signal. This limitation can be stated more formally by using the concept

of channel capacity introduced within the framework of information theory [1]. It turns

out that a maximum possible bit rate exists for error-free transmission of a binary digital

signal in the presence of Gaussian noise. This rate is called the channel capacity. More

specifically, the maximum capacity of a noisy communication channel is given by

Cs = A/Ch log2 (1 + S/N), (D.l)

where A/Ch is the channel bandwidth, S is the average signal power, andN is the average

noise power. Equation (D.l) is valid for a linear channel with additive noise. It shows

that the system capacity (i.e., the bit rate) can exceed the bandwidth of the transmission

channel if the noise level is low enough to maintain a high signal-to-noise ratio (SNR).

In fact, it is common to define the spectral efficiency of a communication channel as

ris = Cs/ (A/ch) that is a measure of bits transmitted per second per unit bandwidth and

is measured in units of (b/s)/Hz. For a SNR of >30 dB, rj s exceeds 10 (b/s)/Hz.

Equation (D.l) does not always apply to fiber-optic communication systems be-

cause of the nonlinear effects occurring inside optical fibers. It can nonetheless be

used to provide an upper limit on the system capacity. The bandwidth A/Ch of mod-

ern lightwave systems is limited by the bandwidth of optical amplifiers and is below

10 Tb/s (80 nm) even when both the C and L bands are used simultaneously. With

the advent of new kinds of fibers and amplification techniques, one may expect that

eventually A/Ch will approach 50 THz by using the entire low-loss region extending

from 1.25 to 1.65 jum. The SNR should exceed 100 in practice to realize a bit-error rate

below 10~ 9
. Using these values in Eq. (D.l), the maximum system capacity is close to
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350 Tb/s assuming that the optical fiber acts as a linear channel. The highest capacity

realized for WDM systems in a 2001 experiment was 10.9 Tb/s [2]. The most limiting

factor is the spectral efficiency; it is typically limited to below 0.8 (b/s)/Hz because of

the use of the binary amplitude-shift keying (ASK) format (on-off keying). The use

of phase-shift and frequency-shift keying (PSK and FSK) formats in combination with

advanced coding techniques is likely to improve the spectral efficiency.

The impact of the nonlinear effects and the amplifier noise on the ultimate capacity

of lightwave systems has been studied in several recent publications [3]— [8] . Because

the amplifier noise builds up in long-haul systems, the maximum channel capacity

depends on the transmission distance and is generally larger for shorter distances. It

also depends on the number of channels transmitted. The most important conclusion is

that the maximum spectral efficiency is limited to 3-4 (b/s)/Hz because of the nonlinear

effects. As a result, the system capacity may remain below 150 Tb/s even under the

best operating conditions.
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Appendix E

Software Package

The back cover of the book contains a software package for designing fiber-optic com-

munication system on a compact disk (CD) provided by the Optiwave Corporation

(Website: www.optiwave.com). This is an especially prepared version of the software

package called “OptiSystem Lite” and marketed commercially by Optiwave under the

name OptiSystem. The CD contains a set of problems for each chapter that are ap-

propriate for the readers of this book. The reader is encouraged to try these numerical

exercises as they will help in understanding the important issues involved in the design

of lightwave systems.

The CD should work on any PC running the Microsoft Windows software. The first

step is to install the software package. The installation procedure should be straight-

forward for most users. Simply insert the CD in the CD-ROM drive, and follow the

instructions. If the installer does not start automatically for some reason, one may have

to click on the ’’setup” program in the root directory of the CD. After the installa-

tion, the user simply has to click on the icon named “OptiSys .Design 1.0” to start the

program.

The philosophy behind the computer-aid design of lightwave systems has been dis-

cussed in Section 5.5. Similar to the setup seen in Fig. 5.15, the main window of

the program is used to layout the lightwave system using various components from

the component library. Once the layout is complete, the optical bit stream is propa-

gated through the fiber link by solving the nonlinear Schrodinger (NLS) equation as

discussed in Section 5.5. It is possible to record the temporal and spectral features

of the bit stream at any location along the fiber link by inserting the appropriate data-

visualization components.

The OptiSystem Lite software can be used for solving many problems assigned at

the end of each chapter. Consider, for example, the simple problem of the propagation

of optical pulses inside optical fibers as discussed in Section 2.4. Figure E.l shows the

layout for solving this problem. The input bit pattern should have the return-to-zero

(RZ) format and be of the form “000010000” so that a single isolated pulse is propa-

gated. The shape of this pulse can be specified directly or calculated in the case of direct

modulation by solving the rate equations associated with semiconductor lasers. In the

case of external modulation, a Mach-Zehnder modulator module should be used. The
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Frequency = 193.1 THz
Power = 0 dBm Nonlinear Dispersive Fiber 1 .0

Length = 10 km

Figure E.l: An example of the layout for studying the propagation of optical pulses inside

optical fibers. All the components are available in the standard component library supplied with

the OptiSystem Lite software.

output of the laser or the modulator is connected to an “optical time-domain visualizer”

and an “optical spectrum analyzer” so that the input pulse shape and spectrum can be

observed graphically. The optical bit stream is transmitted through a fixed length of

optical fiber whose output is again connected to the two visualizers to record the pulse

shape and its spectrum. If the nonlinear effects are turned off, the spectrum should not

change but the pulse would exhibit considerable broadening. For Gaussian pulse, the

results would then agree with the theory of Section 2.4.

There are a large number of prepared samples that the user can use to understand

how the program functions. On most computers, they will be stored in the directory

“C:/Program Files/Optiwave/OptiSystem Lite 1.0/Book.” Folders in this directory are

named “Samples” and “Technical Descriptions.” There are subfolders within the “Sam-

ples” folder for individual chapters which contain problems that can be solved by using

the software. Most users of this book will benefit by solving these problems and ana-

lyzing the graphical output. A portable-data format (PDF) file is also included for each

chapter within the folder “Technical Descriptions”; it can be consulted to find more

details about each problem.


